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SUMMARY

This investigation evaluates the feasibility requirements in the use
of external neutron stimulation in order to detect the presence of 1
kg of highly enriched uranium (HEU) in a large shipping cargo
container. After reviewing the neutron and gamma properties of
special nuclear material, the existing container inspection process
as developed by the container security initiative is described and
several current portside inspection technologies were analyzed in
order to determine their adequacy for this problem. It was concluded
that vulnerabilities exist in each of these technologies and a
supplemental technology could increase port security.

A benchmark container, whose dimensions are 20' x 8' x 8', was analyzed
with several polyethylene moderated He3 neutron detector(s) on one
side and the neutron source on the other side for a wide variety of
different energy sources, transmission and backscattered counting
options, source distances from the container, prompt and delayed
neutrons, and the effect of different cargo materials present with
the container. The study considered solution approaches using both
deterministic and Monte Carlo techniques of which the later solution
approach was based on the MCNP4C2 transport code. The study also
considered the detector response to the expected neutron background,
interference reactions that could produce delayed neutrons, and
counting statistics. The project concluded that the neutron
stimulation approach would be successful in the presence of different
cargo materials one if a pulsed 14 MeV source was used and only the
delayed neutrons were counted. This could be accomplished by use of
a gating technique that turned the neutron detector on when the
neutron source was off and visa versa. It was calculated that the
system would require a source strength of 1012 neutrons/sec and should
be cycled on and off 48 times to obtain the maximum signal to noise
response for a 5 minute examination time. The one cargo condition
that would render this approach ineffective was the case where the
cargo had a density of 1 gram/cm3 or greater and had a hydrogen atom
density of 15% or greater.

The study also considered the effect of cargo activation and
government regulations for release of activated material. The
results showed that cargo hold times due to activation would be less
than current practices at the port of Baltimore and thus should have
little impact on the flow of commerce. A feasibility study was also
performed using the Port of Baltimore as a baseliner. This study
estimated that it would cost $2 million to build and operate the
facility for one year and less than half this amount for subsequent
years. The facility would have more than sufficient capacity to meet
the inspection needs at the port.

ii



TABLE OF CONTENTS

Section Page

SUMMARY .................................................. ii
FIGURES .................................................. vii
TABLES ................................................... xii
ACKNOWLEDGEMENTS ......................................... xv

1 BACKGROUND AND STATEMENT OF PROBLEM .......................... 1

1.1 SNM NUCLEAR PROPERTIES AND PASSIVE GAMMA DETECTION.. 2
1.2 SNM NUCLEAR PROPERTIES AND PASSIVE NEUTRON DETECTION 3
1.3 SNM AND ACTIVE PHOTON DETECTION TECHNIQUES ............. 4
1.4 SNM AND ACTIVE NEUTRON TECHNIQUES ....................... 5
1.5 SNM DETECTION AND WELL-LOGGING TECHNOLOGY .............. 5
1.6 SNM DETECTION AND NON-DESTRUCTIVE NUCLEAR WASTE

ASSAYING ........................................... 6
1.7 CONTAINER SECURITY INITIATIVE ............................ 7

1.7.1 Container Security Initiative Background.. 7
1.7.2 CSI Steps Prior to Containers Arriving in

the United States ............................. 8
1.7.3 CSI Role Upon Container Arrival into the

Port of Baltimore ............................. 10

1.8 VACIS (VEHICLE AND CARGO INSPECTION SYSTEM) ............ 14

1.8.1 VACIS Background .......................... 14
1.8.2 VACIS Operation ........................... 15
1.8.3 VACIS Source Exposure to Operators ........ 17
1.8.4 VACIS Vulnerabilities ......................... 20

1.9 PORTAL MONITORING SYSTEM ............................ 22

1.9.1 Portal Monitoring System Operation ........ 22
1.9.2 Portal Monitor Sensitivity to 1 kg HEU

With and Without Iron Shielding ............. 23
1.9.3 Portal Monitor Vulnerability Summary ...... 26

1.10 RADIATION ISOTOPE DETECTOR .......................... 26

1.10.1 Radiation Isotope Detector Operation ...... 27
1.10.2 HEU Counts in Radioisotope with 1 kg HEU.. 27
1.10.3 Radiation Isotope Detector

Vulnerabilities .......................... 33
1.10.4 Summary ................................... 34

1.11 FUNDAMENTAL PROJECT SCENARIO ........................ 34

iii



TABLE OF CONTENTS (Continued)

Section Page

1.12 METHOD OF APPROACH .................................. 35

2 BENCHMARK FACILITY DESCRIPTION AND MODEL DEVELOPMENT ..... 36

2.1 BENCHMARK FACILITY DESCRIPTION ...................... 36
2.2 MCNP MODEL .......................................... 38
2.3 MODEL PLOTTING SOFTWARE ............................. 41
2.4 ONDAC DETECTOR ...................................... 42

3 STIMULATION USING A CONTINUOUS NEUTRON SOURCE WITH
PROMPT NEUTRON COUNTING AND NO CARGO .................... 46

3.1 PARAMETER STUDY ..................................... 46
3.2 CONCLUSIONS ......................................... 55

4 STIMULATION USING A PULSED 14 MEV NEUTRON SOURCE AND
COUNTING DELAYED NEUTRONS IN A CONTAINER WITH NO
PAYLOAD ................................................. 56

4.1 DESCRIPTION OF THE TECHNIQUE ........................ 56
4.2 ADVANTAGES AND DISADVANTAGES OF PULSED 14 MEV

NEUTRON SOURCES .................................... 57
4.3 AVAILABILITY OF PULSED 14 MEV NEUTRON SOURCES ....... 59
4.4 DETERMINISTIC ANALYSIS .............................. 59
4.5 MCNP ANALYSIS ....................................... 73
4.6 COMPARISON OF THE DETERMINISTIC AND MCNP METHODS .... 77
4.7 RECOMMENDATIONS FOR OPERATING PARAMETERS AND

MINIMUM PULSE RATE ................................. 77
4.8 CONCLUSIONS ......................................... 80

5 EFFECT OF PAYLOAD WITHIN CONTAINER ....................... 81

5.1 DESCRIPTION OF ADDING CARGO TO MCNP MODEL .............. 81
5.2 NUMERICAL MCNP CARGO RESULTS ........................ 82
5.3 GRAPHICAL ANALYSIS OF MCNP RESULTS ...................... 83

5.3.1 Neutrons Gained by Fissioning ................. 84
5.3.2 Radiative Capture with 14 MeV Neutrons .... 86
5.3.3 Delayed Neutron Production .................... 91
5.3.4 Delayed Neutron ONDAC Interactions and

Radiative Capture ........................ 91
5.3.5 ONDAC Interactions per 14 MeV Source

Particle ................................. 94
5.3.6 Study of Detector Distance Effect from HEU 97
5.3.7 Maximum Payload ........................... 98

iv



TABLE OF CONTENTS (Continued)

Section Page

5.4 INTERFERENCE REACTION ............................... 99
5.5. EFFECT OF HYDROGEN ON ONDAC INTERACTIONS .............. 101

5.6 CONCLUSIONS ......................................... 104

6 SHIELDING ANALYSIS ....................................... 105

6.1 SHIELDING REQUIREMENTS-EMPRICAL APPROACH .............. 105
6.2 SHIELDING REQUIREMENTS-MCNP APPROACH ................... 107
6.3 CONCLUSIONS ......................................... 110

7 STUDY ON EFFECTS OF VARYING SOURCE DISTANCE TO THE CARGO
CONTAINER ............................................... ill

7.1 MOTIVATION FOR DISTANCE STUDY ....................... ill
7.2 MCNP MODEL TO STUDY SOURCE STANDOFF .................... ill
7.3 EFFECT OF SOURCE STANDOFF ON NEUTRON PRODUCTION FROM

HEU FOR DIFFERENT CARGO MATERIALS ..................... 112
7.4 INTERACTIONS IN CENTER ONDAC PER 14 MEV SOURCE

PARTICLE ........................................... 114
7.5 CONCLUSIONS ......................................... 117

8 CARGO ACTIVATION ......................................... 118

8.1 METHODOLOGY ......................................... 118

8.1.1 Assumptions ............................... 118
8.1.2 Saturated Activity ........................ 119
8.1.3 Activity During Pulsing and Decay Phase of

Each Cycle .............................. 125
8.1.4 Effect of Average Distance Assumption on

Flux ..................................... 126

8.2 ACTIVITY DURING EXAMINATION PERIOD FOR IRON,
ALUMINUM, AND LEAD ................................. 128

8.3 TIME FOR IRON, ALUMINUM, AND LEAD ACTIVITY TO
DECREASE BY TEN HALF-LIFES TO MEET GOVERNMENT
RELEASE REGULATIONS ................................ 132

8.4 USNA IRADIATION EXPERIMENT TO DETERMINE TIME IRON,
ALUMINUM, LEAD, AND OTHER MATERIALS DECAY TO
BACKGROUND ......................................... 135

8.5 CONCLUSIONS ......................................... 142

9 PORT OF BALTIMORE AND FEASIBILITY STUDY OF NEUTRON
STIMULATION FACILITY .................................... 144

9.1 PORT OF BALTIMORE ................................... 144

v



TABLE OF CONTENTS (Continued)

Section Page

9.2 RULES AND REGULATIONS APPLICABLE TO A NEUTRON
STIMULATION SPECIAL NUCLEAR MATERIAL MONITORING
FACILITY ........................................... 149

9.2.1 Exposure Dose Standards ................... 149
9.2.2 Storage of Activated Cargo Material ....... 150
9.2.3 High Radiation Area Requirements ............ 151

9.3 COST ANALYSIS ....................................... 151

9.3.1 Radiation Instrumentation Costs ............. 152
9.3.2 Pulsed Neutron Generator Costs .............. 152
9.3.3 Facility Construction and Operation ....... 152
9.3.4 Staffing Costs ............................ 153
9.3.5 Dosimetry Costs ........................... 154
9.3.6 Summary of Annual Costs ................... 156

9.4 SITE DESIGN AND LAYOUT .............................. 159
9.5 CONCLUSIONS ......................................... 171

10 COMPARISON OF GAMMA SIGNATURES IN COMMON CARGO MATERIALS
TO THAT OF HEU AND REACTOR GRADE PLUTONIUM ................. 173

10.1 GAMMAS FROM HEU AND REACTOR GRADE PLUTONIUM ........... 173
10.2 GAMMA EMITTING ISOTOPES IN CARGO MATERIAL ............. 177
10.3 MCNP ANALYSIS OF GAMMA TRANSPORT FROM A PLUTONIUM

SOURCE IN A SHIPPING CONTAINER TO AN EXTERNAL
PORTAL MONITORING SYSTEM (ST. JOHN, 2003) ............ 179

10.4 CONCLUSIONS ......................................... 184

11 CONCLUSIONS AND RECOMMENDATIONS .......................... 185

11.1 CONCLUSIONS ......................................... 185
11.2 RECOMMENDATIONS FOR FUTURE WORK ..................... 187

12 REFERENCES ............................................... 191

Appendix

A SAMPLE MCNP INPUT FILES .................................. A-I

B CALCULATION OF AVERAGE DISTANCE FROM THE SOURCE TO CARGO
DRUMS ................................................... B-I

C PORT OF BALTIMORE AND MOBILE VACIS INFORMATION QUESTIONS
AND ANSWERS ............................................. C-I

vi



FIGURES

Figure Page

1-1 Photon emissions for U235 (St. John, 2002) .................... 3
1-2 Container flowchart overview ............................. 12
1-3 Detailed CSI container path .............................. 13
1-4 Mobile VACIS in use, inspecting containers at a port

(Americana Impex Consulting Co, 2003) ....................... 14
1-5 Dose equivalent plot for source distance of 5 to 762 cm

(2 inches to 25 feet) for 1 second exposure per
container from Mobile VACIS ............................. 18

1-6 Dose equivalent plot for source distance of 100 to 762 cm
for 1 second exposure per container from Mobile VACIS... 19

1-7 Plot of the effects of source distance on dose rate for a
portal monitoring station with no shielding ................. 24

1-8 Plot of effect of an iron shield on the dose rate
measured by the portal monitoring system with 1 kg HEU at
304 cm .................................................. 25

1-9 Example of a vehicle portal monitoring station .............. 26
1-10 Picture of the hand-held radiation isotope detector, the

Cryo3 ................................................... 27
1-11 Pictorial view of the area in which the HEU will

self-absorb gammas, and the area in which the gammas
will escape ............................................. 30

1-12 Experimental set-up of the gamma spectroscopy experiment
at USNA using a germanium detector .......................... 31

1-13 Counts in the radiation isotope detector versus counting
time for 1 kg of HEU with Cryo3 and HEU located in
worst-case scenario position ............................ 32

2-1 Benchmark facility: Dry freight container with dimensions
20' x 8' x 8' (Cronos, 2002) ............................ 37

2-2 SABRINA representation of benchmark facility ................. 38
2-3 MCNP model of cargo container as viewed in the x-y plane. 42
2-4 ONDAC detector cross sectional geometry ...................... 43
2-5 ONDAC system with composite case and Eberline E-600

survey meter ............................................ 44
3-1 Effect of source energy on ONDAC efficiency .................. 47
3-2 U 235 fission cross section ................................ 48
3-3 Resonance study - Normalized detector distance from

source vs. response ratio in central ONDAC .................. 49
3-4 Interaction ratios in ONDAC detectors vs. source energy

with HEU to source distance of 5 cm ..................... 50
3-5 Effect of HEU distance to source with a 14 MeV source .... 51
3-6 SABRINA model of borated polyethylene rectangular

parallelepiped surrounding neutron source .................. 52

vii



FIGURES (Continued)

Figure Page

3-7 Effect of borated polyethylene shield volume on
interaction rate in ONDAC using backscattered neutrons.. 53

3-8 Effect of borated polyethylene shield volume on ratio of
interactions (HEU present to no HEU present) in ONDAC
with source in center of shield .............................. 54

3-9 Effect of cadmium on ratio of interactions in center
ONDAC detector with HEU present to interactions with no
HEU present with a 14 MeV source ............................ 55

4-1 Neutron die-away characterization for a 100 ptsec 14 MeV
pulse (Gozani, 2002) .................................... 57

4-2 Schematic representation of time intervals in a pulsed
neutron system approach ................................. 60

4-3 Schematic representation of the major aspects of
components in the deterministic model ....................... 61

4-4 Effect of varying detector count time with a 5 ms pulse
width on counting delayed neutrons from a 14 MeV pulsed
source with an ONDAC detector ........................... 65

4-5 Effect of varying detector count time with a 10 ms pulse
width on counting delayed neutrons from a 14 MeV pulsed
source with an ONDAC detector ........................... 66

4-6 Effect of varying detector count time with a 15 ms pulse
width on counting delayed neutrons from a 14 MeV pulsed
source with an ONDAC detector ........................... 67

4-7 Effect of varying detector count time with a 20 ms pulse
width on counting delayed neutrons from a 14 MeV pulsed
source with an ONDAC detector ........................... 68

4-8 Effect of varying detector pulse width with a 14 MeV
source on an ONDAC detector ............................. 69

4-9 Effect of varying source neutron emission rate on
counting delayed neutrons from a 14 MeV pulsed source
with an ONDAC detector along with ONDAC background count
rate .................................................... 70

4-10 Effect of varying distance of source and detector to HEU
on counting delayed neutrons from a 14 MeV pulsed source
with an ONDAC detector .................................. 71

4-11 Effect on detector CPM of equal pulse widths and count
times up to 35000 msec (35 seconds) on counting delayed
neutrons from a 14 MeV source with an ONDAC detector .... 72

4-12 Delayed neutron probability distribution over five energy
bins by Batchelor and Bonner and by Burgy ................... 74

4-13 Interactions per source particle in center ONDAC detector
versus source energy for five energy spectra analyzed
with shipping container filled with air ..................... 76

viii



FIGURES (Continued)

Figure Page

4-14 Effect of varying source neutron emission rate to detect
HEU for worst case scenario in the benchmark facility
when using three ONDAC detectors that are located at
lengthwise coordinates -200 cm, 0 cm and +200 cm and
using operational parameters given in table 4-3 ......... 80

5-1 Neutron gain by fissioning in HEU per 14 MeV source
particle for various cargo materials ....................... 85

5-2 Neutron gain from (n,xn) reactions per 14 MeV source
particle for various cargo materials ....................... 86

5-3 Radiative capture per 14 MeV neutron emitted to the
center ONDAC detector for various cargo materials ....... 88

5-4 Delayed fission neutrons produced per 14 MeV source
particle in HEU for various cargo materials ............. 91

5-5 Interactions per delayed neutron source particle (1E-04)
in center ONDAC detector for various cargo materials .... 93

5-6 Radiative capture per delayed neutron emitted for various
cargo materials ............................................. 94

5-7 Neutron interactions per 14 MeV source
particle in the center ONDAC detector for various cargo
materials ................................................... 95

5-8 Cargo comparisons to air by the ratio of interactions
in the center ONDAC detector per 14 MeV source particle
in air to that of each cargo material ...................... 96

5-9 Interference ratio of oxygen in air versus decay using
benchmark facility dimensions .............................. 101

5-10 Neutron interactions per 14 MeV source
particle in center ONDAC detector for various amounts of
hydrogen in a cargo material composed of hydrogen,
oxygen, and carbon based molecules ........................ 103

6-1 Effect of concrete shield thickness on the neutron
mrem/hr dose rate in air as a function of concrete
shield thickness per 14 MeV neutron emitted per second
by the source using equation (6.1) (Cloutier 1963) ...... 106

6-2 Effect of concrete shield thickness on the neutron
mrem/hr dose rate in air as a function of concrete
shield thickness per 14 MeV neutron emitted per second
by the source (Boerse and Van Werven 1966) .............. 107

6-3 MCNP model to calculate dose behind concrete shield ...... 108
6-4 MCNP dose rate per 14 MeV source neutron/sec emitted

through concrete ........................................... 109
7-1 Neutron gain by fissioning in HEU with cargo container

material in air, iron, and lead versus distance of
source from container side ................................. 114

7-2 Interactions in center ONDAC per 14 MeV source particle
in air, iron, and lead versus distance of source from
container side ............................................. 116

ix



FIGURES (Continued)

Figure Page

7-3 Normalized interaction in the center ONDAC detector with
source 1 foot outside container for cargo materials
air, iron, and lead as a function of source distance
from side of container ..................................... 117

8-1 SABRINA representation of benchmark facility ............. 122
8-2 Activity versus time during the examination process with

iron designated as the cargo material ..................... 130
8-3 Activity versus time during the examination process with

aluminum designated as the cargo material ............... 131
8-4 Activity versus time during the examination process with

lead designated as the cargo material ..................... 132
8-5 Activity versus holding time for iron cargo .............. 133
8-6 Activity versus holding time for aluminum cargo .......... 134
8-7 Activity in lead cargo versus holding time ............... 135
8-8 Experimental set-up of the USNA irradiation experiment... 136
8-9 Sample of the iron, aluminum, and lead material

irradiated in the USNA irradiation experiment ........... 137
8-10 12 cm distance between the neutron generator and the

material sample ............................................ 138
8-11 Picture of the AN-PDQ-1 with DT-680 probe used to monitor

the irradiation of iron, aluminum, and lead samples
during the USNA irradiation experiment .................... 139

8-12 Dose rate per kilogram of aluminum, iron, and lead after
irradiation ................................................ 140

9-1 One of many container shipping yards in Baltimore Port... 145
9-2 Container being moved at the Port of Baltimore ........... 145
9-3 Container ship and container loading operations in port.. 146
9-4 Layout of the Port of Baltimore ............................ 147
9-5 Standard radiation caution symbol .......................... 151
9-6 Site controlled area layout ................................. 161
9-7 Top view of design A (tunnel version 1) .................... 163
9-8 3-D view of design A (tunnel version 1) .................... 163
9-9 Top view of design B (tunnel version 2) .................... 165
9-10 End view of design B (tunnel version 2) .................... 166
9-11 Top view of design C (subterranean version 1) ............ 167
9-12 Side perspective of design C showing outer shape of the

underground facility ....................................... 168
9-13 Side perspective of design C showing relation to surface. 168
9-14 Side perspective of design C showing size of tunnel and

location of neutron generator and ONDAC detectors ....... 169
9-15 Top view of design D (subterranean version 2) (outer

concrete walls not shown) .................................. 170
9-16 Perspective view of design D showing relationship to

surface and circular path of containers (subterranean
version 2) .................................................. 171

x



FIGURES (Continued)

Figure Page

10-1 U235 gamma spectrum with HPGe detector and 2000 channel
MCA (St. John, 2002) .................................... 174

10-2 Pu239 gamma spectrum with HPGe detector and 4500 channel
MCA (channels 1-2000) (St. John, 2002) ..................... 175

10-3 Pu239 gamma spectrum with HPGe detector and 4500 channel
MCA (channels 2000-4500) (St. John, 2002) .................. 176

10-4 Pu240 gamma spectrum with HPGe detector and 4000 channel
MCA (St. John, 2002) .................................... . 177

10-5 4 kg plutonium gamma spectrum for volume and surface
source modeled as 10 bins between 100 and 1057 KeV ...... 180

10-6 MCNP model of container with plutonium source and single
PVT detector located at container midplane ................. 181

10-7 PVT detector gamma interaction rate as a function of its
distance from container midplane with no cargo ............. 182

xi



TABLES

Table Page

1-1 Neutron production rate from cosmic rays and
self-fissioning in HEU and reactor grade (RG) plutonium. 4

1-2 Example list of acceptable and not acceptable container
cargo description (24-Hour Advance Vessel Manifest Rule,
2003 ) ............................................ ....... 9

1-3 VACIS characteristics (SAIC, 2003) ....................... 15
1-4 Mass attenuation coefficients for 1.25 MeV gamma in ten

different materials ..................................... 16
1-5 Thickness of materials that would appear as the same

material density as 1 kg of HEU in VACIS .................... 21
1-6 Typical portal monitor system characteristics

(Exploranium, 2002) ..................................... 23
1-7 Number of gammas emitted for each energy in HEU between

143 KeV and 222 KeV per 100 decays .......................... 28
1-8 Summary of parameters to determine the number of counts

from gamma spectroscopy for 1 kg of HEU ..................... 31
2-1 Types, physical dimensions, and general uses of maritime

containers .............................................. 36
4-1 Potential pulsed 14 MeV neutron generator procurement

sources ................................................. 59
4-2 Average energies for the Batchelor, Bonner, and Burgy

energy spectra .......................................... 75
4-3 Summary of five energy spectra MCNP computer run time and

relative error .......................................... 76
4-4 Recommendations for operational conditions to be applied

when examining shipping container with pulsed 14 MeV
neutron source and counting delayed neutrons ................ 78

5-1 Numerical summary of MCNP cargo analysis ..................... 82
5-2 Summary of nuclear interactions and mean path lengths for

different cargo materials ............................... 83
5-3 Calculation of 1 MeV and 14 MeV macroscopic radiative

cross-sections for various cargo materials .................. 89
5-4 Calculation of 1 MeV and 14 MeV slowing down powers

for various cargo materials ............................. 90
5-5 Cartesian coordinates of the three ONDAC detectors and

the HEU and the distances to the HEU for each ONDAC
detector in MCNP model .................................. 97

5-6 Ratio of the center ONDAC interaction rate to the side
ONDAC interaction rate compared to the mean free path
length by source energy for each cargo material ............ 98

5-7 Density and weight of cargo materials examined .............. 99
5-8 Comparison of the delayed fission neutron interactions

per 14 MeV source particle in the center ONDAC detector
of carbon and alcohol under identical conditions with
the MCNP facility model ................................. 102

xii



TABLES (Continued)

Table Page

7-1 Source position data ........................................ 112
7-2 Numerical summary of neutron gain by fissioning in HEU

per 14 MeV source particle with varied distances of the
source to the side of container ........................... 113

7-3 Numerical Summary of delayed fission neutrons produced in
HEU per 14 MeV source particle with varied distances of
the source to the side of the container ................. 114

7-4 Numerical summary of interactions in center ONDAC per
delayed neutron source particle for air, iron, and lead. 115

7-5 Interactions in center ONDAC per 14 MeV source particle
for air, iron, and lead for various distances between
the source and side of cargo container .................... 115

8-1 Recommended times during the examination period .......... 118
8-2 Data table of natural isotopes of iron that shows their

atom fractions, atomic numbers, neutron activated
reactions, the reaction's half-life, decay constant, and
the 14 MeV microscopic cross sections for absorption .... 120

8-3 Data table for aluminum which shows the neutron activated
reactions, the reaction's half-life, the decay constant,
and the 14 MeV microscopic cross sections for absorption 121

8-4 Data table of natural isotopes of lead that shows their
atom fractions, atomic numbers, neutron activated
reactions, the reaction's half-life, decay constant, and
the 14 MeV microscopic cross sections for absorption .... 121

8-5 Parameters and values used to find the saturated activity 123
8-6 Saturated activity for each of iron's isotopes reactions. 124
8-7 Saturated activity for the neutron activated reactions of

Al27 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 124
8-8 Saturated activity for each of lead's isotopes reactions. 125
8-9 Data for estimating effect in average distance procedure

between cargo drums and the source ......................... 127
8-10 Activity in Curies for iron during the first ten cycles

of the examination period .................................. 129
8-11 Mass of each specimen used in the USNA irradiation

experiment .................................................. 139
8-12 Summary of theoretical and experimental 14 MeV neutron

activation study for aluminum, iron, and lead ........... 140
8-13 Summary of weight and time for irradiated material to

reach background after 14 MeV exposure to a neutron
flux of 1.68 x 10 7  n/cm2 sec for 139.2 sec ............... 141

9-1 Information on shipping containers for Port of Baltimore
in 2003 (Costello, 2003) ................................... 148

9-2 Pay chart for U.S. Customs officials in Baltimore area
(30% overhead), 2003 ....................................... 154

9-3 Annual investment per person, effective October 1, 2002,
for monthly, bimonthly, or quarterly service ............ 155

xiii



TABLES (Continued)

Table Page

9-4 Annual dosimetry costs for necessary personnel/visitors.. 156
9-5 Cost to build and operate a neutron stimulation

facility for the first year ............................. 157
9-6 Cost for subsequent years of neutron stimulation

operation ............................................... 158
9-7 Comparison of costs per year between unloading containers

and facility operation .................................. 158
9-8 Percentage of containers that will be inspected at the

Port of Baltimore as a function of the hours the
facility is open per week ............................... 159

10-i Gamma energy and intensity for decay of U215 (ICRP, 1983). 173
10-2 Summary of key gamma energies emitted by HEU and reactor

grade plutonium ......................................... 177
10-3 Single naturally occurring radioisotopes present in cargo

materials which are gamma emitters (Eisenbud, 1987) ..... 178
10-4 Gamma energies of radioisotopes in thorium series

(Cember, 1983) .......................................... 178
10-5 Gamma interactions/sec with single mid-plane PVT detector

and with entire container (243.8 cm x 605.8 cm x
259.1 cm) surrounded by PVT detector with 4 kg plutonium
source in container center .............................. 183

10-6 Potassium-40 concentration in food ....................... 183
11-1 Comparison of basic parameters in both benchmark and

scaled neutron stimulation facility assuming a pulsed
source strength of 3 x 108 n/sec ......................... 189

B-i Source location and width position of cargo drum rows
used in the USNA MCNP cargo container model ................ B-I

B-2 X-position of each of the five container lengthwise
distances ............................................... B-2

B-3 Twenty straight-line distances between the source and the
cargo drums, used to calculate the average distance
neutrons travel in the container ........................ B-3

C-i Penetration distance for Cs'137 and Co 60 in lead and
platinum ................................................ C-4

xiv



ACKNOWLEDGEMENTS

The authors are deeply indebted to Mike Evenson, Derek Mahin, and Dr.
Karen Hirsch at the Defense Threat Reduction Agency for their advice
and guidance during the project. Without their support, this project
would not have been possible.

At the US Naval Academy the authors are very grateful to Mr. Kelly
Delikat, who provided substantial computer assistance throughout the
project. Also the authors would like to thank CDR Matt Carr of the
Mechanical Engineering Department for the mentorship he provided to
midshipmen who worked on the project during the 2003-2004 academic
year.

The authors would also like to acknowledge Eric Abkemeirer of the
Naval Radiological Affairs Support Office in Yorktown, Virginia for
the consultation he provided regarding regulatory matters on
accelerator produced activation productions. From the Strategic
Systems Program Office, LCDR Marshall Millett gave invaluable
assistance in the development of the MCNP cargo container model used
by the project. Next the authors would like to thank Dr. Matt
Forsbacka, Defense Nuclear Safety Board, who provided reference
information on highly enriched uranium. Also, the authors would like
to thank both R. Costello of the Baltimore Port Authority and D.J.
Austin of the US Customs Office for the cooperation in providing
information concerning Baltimore port operations. Lastly, the
authors are very appreciative of a number of individuals at different
organizations such as Lawrence Berkeley National Laboratory, Sandia
National Laboratory, Halliburton, MF Physics, and the Naval Research
Laboratory who gave of their time and insights in discussions with
project personnel.

xv



SECTION 1

BACKGROUND AND STATEMENT OF PROBLEM

The illegal entry of special nuclear material (SNM) into the United
States poses a significant security threat. This report studies the
feasibility of one technique that potentially could be applied to
detect SNM in a specific scenario. SNM consists primarily of fissile
material such as highly enriched uranium (HEU) or reactor-grade
plutonium. For the purposes of this study, HEU has been taken to be
93% U235 and 7% U238 . The major isotopes of reactor-grade (RG)
plutonium are Pu239 and Pu240. The International Atomic Energy Agency
(IAEA) monitors the illicit trafficking of SNM. From January 1, 1993
to Aprill, 2001, the IAEA recorded over 180 nuclear smuggling
incidents involving more than 40 countries (Anzelon 2001). There is
no treaty that requires countries to protect their weapons-usable
material from being stolen (Bunn and Bunn 2001). This results in a
global problem that leaves the illegal entry of SNM into the United
States as a significant threat. A major concern is that SNM can
cause significant damage if it is used as a crude nuclear device.
Specific measures must be taken to monitor and interdict nuclear
smuggling. Complicating this task is that the system(s) chosen for
SNM detection must yield results in a relatively short period of
time, produce a signal that can be readily interpreted by the
operator, not be easily defeated by shielding materials, and be
relatively inexpensive.

SNM can be detected by either active or passive techniques from their
photon and neutron signatures. In an active technique, an external
photon (i.e. x-ray or gamma) or neutron beam is applied to the
container or package to be interrogated. In contrast, a passive
technique involves the measurement of photons or neutrons from either
the SNM isotopes or their decay products. There are two principal
sources of neutron emissions from SNM. First, they can undergo
fissioning or neutron producing reactions such as (n,2n) from cosmic-
ray induced neutrons. Second, they can self-fission. However, the
relative importance of these two reactions can vary significantly
between different SNM isotopes.

SNM nuclear properties are briefly discussed for use in passive and
active detection techniques from either photons (i.e. gammas or x-
rays) or neutrons in sections 1.1 through 1.4. Well-logging and
nondestructive nuclear waste assaying techniques are reviewed in
sections 1.5 and 1.6 for their usefulness to detect SNM. Section 1.7
describes the Container Security Initiative (CSI) and how the U.S.
Customs Service implements the program with respect to containers
arriving at U.S. ports. Three non-intrusive technologies are
reviewed in the next three sections that are either in use or under
consideration for use at U.S. ports to determine their
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vulnerabilities and whether there is a need for supplemental
technologies such as external neutron stimulation. Section 1.8
reviews the Vehicle and Cargo Inspections System (VACIS). Next the
Portal Monitoring System is examined in section 1.9. Finally section
1.10 discusses the Radiation Isotope Detector. Section 1.11
describes the basic SNM detection problem analyzed in this report,
which is the use of active neutron stimulation to detect 1kg of HEU
in a large shipping container. Finally, section 1.12 outlines the
method of approach used to analyze this problem in this report.

1.1 SNM NUCLEAR PROPERTIES AND PASSIVE GAMMA DETECTION.

For passive gamma detection, U2 3 5 dominant gamma emission lines occur
between 143 KeV and 222 KeV as shown in figure 1-1. When U235

undergoes alpha decay, Th231 is produced and this isotope has major
gamma lines between 25 KeV and 163 KeV. Pu 239 has its dominant gamma
lines that extend between 38 KeV to 769 KeV, while Pu240 main gamma
lines fall between 45 KeV and 160 KeV. When plutonium is produced in
a reactor, nuclear transmutations occur which produce Am241 . However,
the major gamma lines of Am24 have energies comparable to that of Pu 23 9

(Sowby 1983). The intensity of the gamma emission from an isotope is
directly proportional to the isotope's half-life. U235 has a half-life
of approximately 704 million years, while Pu239 has a half-life of
nearly 24 thousand years. Consequently, the gamma signature from U235

or HEU is much weaker than that from PU239 or reactor grade plutonium.
High atomic number materials are very effective at shielding gamma
rays whose energies are less than 200 KeV (LaMarsh 2001). The above
facts make the passive detection of HEU difficult to detect in a
field environment, where time, cost, and simplicity are important
factors. Still considerable effort has still gone into the detection
of SNM using the passive gamma techniques. The portal monitoring
system, which is discussed in section 1.9, and the Radiation Isotope
Detector, which is discussed in section 1.10, are two systems that
are based on this approach.
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Figure 1-i. Photon emissions for U2c 5 (St. John, 2002)

1.2 SNM NUCLEAR PROPERTIES AND PASSIVE NEUTRON DETECTION.

For passive neutron detection, cosmic ray neutron production
potentially could be helpful. A recent USNA study has measured the
cosmic ray thermal neutron flux in the Annapolis, Maryland area (Dirk
2000) . This study concluded that the ambient thermal flux had a

2+

value of 6 neutrons/cm2 hr within a factor of 2. Using this flux, the
neutron emission rate (5) can be directly calculated using equation
(1.1) below for either 1 kg of HEU or Pu 2 39 .

S V v 4f V (1.1)
where

v = average number of neutrons released per fission, 2.42
for HEU and 2.87 for Pu 239

= macroscopic fission cross section of HEU or PU2 3 9 , 27 .8

cm-1 for HEU and 36.7 cm-1 for Pu 2 3 9

--N C3



S= ambient thermal flux, 6 n/cm2 hr
V = volume of 1kg of either HEU or plutonium, 50 cm3

Equation (1.1) predicts a cosmic ray neutron production rate of
approximately 2.0 x 104 n/hr kg for HEU and 3.2 x 104 n/hr kg for Pu 239

or reactor grade plutonium. U238 and Pu 240 can be neglected in this
calculation as neither fission with thermal neutrons. In HEU, the
self-fissioning half-lives of U235 and U238 are respectively 9.8 x 1018
years and 8.2 x 1015 years. Thus, 99% of the self-fission neutrons in
HEU come from U238. In reactor- grade plutonium the self-fissioning
half-lives of Pu 239 and Pu 240 are respectively 7.8 x 1015 years and 1.2
x 1011 years, which means that PuN dominates self-fissioning. Thus
the self-fissioning neutron production rate in reactor grade
plutonium is 1.3 x 109 neutrons/hr kg, while HEU would only yield 1.4
x 104 neutrons/hr kg (Millett 1997). These results are summarized in
table 1-1.

Table 1-1. Neutron production rate from cosmic rays and self-
fissioning in HEU and reactor grade (RG) plutonium.

Material Cosmic ray neutrons Self-fissioning neutrons Total neutron
neutrons/hr kg neutrons/hr kg production rate

Neutrons/hr kg
HEU 2.0 x 104  1.4 x 104  3.4 x 104

RG Plutonium 3.2 x 104  1.3 x 109  1.3 x 109

The above results indicate that 1 kg of HEU will be much more
difficult to detect compared to reactor grade plutonium by passive
neutron methods as the source emission rate per kg is over four
orders of magnitude smaller.

Considerable effort has been devoted by government agencies to
developing systems which would detect neutrons from SNM by passive
means. One of many examples that could be provided is that Los
Alamos National Laboratory (LANL) has developed vehicle monitors
using wide array plastic scintillators to detect neutron emissions
from SNM (Fehlau 1987). These systems are very expensive and for
reasons discussed above have much greater success in detecting
plutonium than HEU.

1.3 SNM AND ACTIVE PHOTON DETECTION TECHNIQUES.

The US Customs Service (USCS) has reviewed a number of non-intrusive
active technologies for seaport cargo inspection systems (Lindquist
2001) based on the use of x-rays and gamma rays. For example,
radiographic inspections or low dose x-ray (Exray =160 KeV) methods as
found at airports are popular, because of their relatively low cost
and simplicity of use. Fixed truck x-ray systems (TXR) have been
evaluated to inspect commercial vehicles entering the United States.
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However, fixed systems are very susceptible to circumvention by
smugglers. Recently, the USCS has been evaluating mobile truck x-ray
systems coupled with increased power and size capacity. Two such
systems that are now commercially available include the CX-450M (L-3
Communications, 2003) and the Mobile Search System (AS&E, 2003).
Both of these systems use x-rays generated at approximately 450 kVp.
The USCS has decided that the maximum energy of photon source should
be 6 MeV. 6 MeV was chosen in order to provide a penetration, while
keeping the integrity of the non-destructive testing techniques that
could cause products to be altered. Additionally the USCS has been
evaluating the uses of gamma ray sources such as Cs137 (Ey= 0.662 MeV)

and Co61 (E,= 1.17 and 1.33 MeV). The VACIS system which is described
in section 1.8, is based on the use of this technique with either of
these isotopes. Imaging is also very important in cargo inspection
quality and substantial progress has been made in this area (Moore
2002). Low energy x-rays and gamma rays are significantly attenuated
by high density materials, such as lead and SNM itself. This leads
to the concern that a smuggler could shield the SNM and it would go
undetected.

1.4 SNM AND ACTIVE NEUTRON TECHNIQUES.

Active neutron techniques have been proposed by several groups.
Thermal neutron radiography has been suggested to image light
elements, such as hydrogen, carbon, and nitrogen (Berger 1965). This
technique has been modified by using fast neutrons at different
energies and mathematically treating the different images created as
a set of linear equations, which can then be solved for the container
contents (Chen 2001). This detector has shown good potential for
drug and explosives, but has not been applied to heavy elements, such
as uranium. Two pulsed 14 MeV neutrons systems have been studied.
First, the SeaVEDS system, which is currently under development,
consists of a neutron generator, gamma ray detectors, and a data
acquisition decision computer (Gonzani 2001 and Brown 2001). In this
system, the container contents are determined by performing gamma
spectrum analysis on the activated material. Second, Los Alamos
National Laboratory has developed an active neutron interrogation
package monitor (Rooney 2002). This system also consists of a pulsed
14 MeV neutron source and detector cells containing three He 3 tubes
surrounded by polyethylene with a cadmium liner that is used to
detect any neutrons that would be emitted by SNM within the
container. Both these systems are designed to interrogate relatively
small containers or packages. Also no lower limit of detection is
given for these systems to detect a given mass of either HEU or RG
plutonium.

1.5 SNM DETECTION AND WELL-LOGGING TECHNOLOGY.

Well-logging is an established technique used in the oil service
industry for oil and natural gas exploration. In this technique,
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fast neutrons are emitted from a source and enter a borehole. The
resulting neutron interactions produce both gammas and neutrons. The
spatial distribution, relative intensity, energy distribution, and/or
time distribution of these neutron and gammas are directly related to
the porosity and type of fluids in the borehole (Smith 1979). Many
different tools have been developed for application of this
technique, nearly all of which are patented and proprietary. The
detectors used count either gammas, prompt fission neutrons (PFN), or
delayed fission neutrons (DFN). However, the use of pulsed 14 MeV
neutrons sources are widely used by commercial vendors when applying
this technique (Halliburton 2002; Schlumberger 2002). The use of
well-logging techniques with 14 MeV pulsed sources has been
investigated to assay for uranium in the soil with success obtained
for ore-grades of 0.22 weight % U30 8 (Givens 1976) and for 1.0
weight % uranium ores (Czubek 1972). These studies concluded that
counting DFN was the best approach to this problem.

A major difference exists in concentration levels between well-
logging applications and the SNM cargo detection problem. A large 20'
x 8'x 8' cargo container typically would have a maximum payload of
30,000 kg. In the situation where the container possessed one kg of
SNM, the weight percent of the SNM would be only 0.003%.
Unfortunately this concentration is two or more orders of magnitude
smaller than the uranium detected by either Givens or Czubek.
Because of the proprietary nature of well-logging tools, no
literature appears to exist on the lower limits of detection for this
technology. It was concluded that the current commercially off-the-
shelf (COTS) well-logging tools would not be applicable to the SNM
problem. However, this approach did provided strong motivation the
technical solution developed by this study.

1.6 SNM DETECTION AND NON-DESTRUCTIVE NUCLEAR WASTE ASSAYING.

The Department of Energy (DOE) and its contractors have spent
considerable effort developing assay technologies. The DOE has also
sponsored a number of Nondestructive Waste Assay Conferences, which
describe many different methods, techniques and instruments that have
been developed to measure transuranics that have been stowed in
thousands of 55 gallon drums. Presently the DOE uses the following
technologies: (1) NaI gamma counting; (2) passive neutron coincidence
counting (PNCC); (3) passive/active neutron counting (PAN); and (4)
radiochemistry. The PAN instrument, which contains an external
neutron source, was developed at LANL (Caldwell 1986) and has
undergone numerous enhancements and variations. New instruments are
under development such as the combined thermal/epithermal neutron
system (CTEN). This instrument uses thermalized neutrons from a
pulsed 14 MeV neutron generator to irradiate and then interrogate
radioactive waste drums (Melton 1998). Depending on the drum
contents, measurement times are 40 to 200 seconds, with Pu 239

sensitivities ranging from one to fifty milligrams. Another new
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development is combining modern imaging systems with the above
technologies, such as the imaging passive/active neutron system
(IPAN) employed at Hanford (Hanford 2002). While these systems have
very low limits of detection, their success is contingent on placing
the neutron source in close proximity to the SNM within the
container. In the scenario described in the next subsection, such
source positioning is not possible since the shipping container will
be much larger in size than a 55 gallon waste drum.

1.7 CONTAINER SECURITY INITIATIVE.

In this section the Container Security Initiative (CSI) (US Customs
Service, 2002) is discussed in detail. The CSI is a relatively new
inspection program that encompasses container tracking, cargo
declarations, and current non-intrusive inspection technologies. The
program is controlled by the U.S. Customs Service, and is used to
combat the smuggling of illegal materials into the U.S. The CSI
background is presented in section 1.7.1, and the initial CSI steps
and risk evaluations completed prior to the vessel arriving in the
U.S. are detailed in section 1.7.2. Section 1.7.3 outlines the role
of the CSI program once the vessel arrives in the U.S. and the
containers are offloaded.

1.7.1 Container Security Initiative Background.

The Container Security Initiative is a new process, which was fully
implemented in February, 2003. In the CSI process carriers must
provide a cargo declaration, or a manifest, detailing information
about the containers and the cargo being transported. The purpose of
the CSI is to provide the means for the U.S. Customs to track and
monitor all goods being imported into the United States. When a
container is loaded with cargo, laden on a vessel at a foreign port,
and brought into the United States, each container follows a similar
path regardless of the port of entry. Figure 1-2 shows the basic
container path outline, and figure 1-3 provides in great detail a
typical path that a container takes while entering the United States,
specifically at the Port of Baltimore. The importance of knowing a
typical container path is necessary to determine where the neutron
stimulation facility would have to be placed within this flow path.
A logical position for the placement of the neutron stimulation
facility is shown as a darkened box in figure 1-3.

The four goals of the CSI are: (1) using automated information to
identify and target high-risk containers; (2) pre-screening those
containers identified as high-risk before they arrive at U.S. ports;
(3) using detection technology to quickly pre-screen high-risk
containers; and (4) using smarter, tamper proof containers (U.S.
Customs Service, 2002).
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1.7.2 CSI Steps Prior To Containers Arriving in the United
States.

In coordination with the CSI flow chart a detailed explanation of the
process is necessary. The first step in the CSI process is the
vendor, the owner of the cargo, will load the cargo into the cargo
containers. The contents of the container are completely listed in
detail. This list is referred to as the container manifest. Table
1-2 shows an example list of acceptable and not acceptable container
cargo descriptions. A document titled "24-Hour Advance Vessel
Manifest Rule" provides this list (US Customs Service, 2003). The
container declarations are given to the carriers, and the carriers
must submit the manifest 24 hours prior to loading the cargo onto a
vessel. The manifest can be sent electronically to the U.S Customs
Service through a program called the Sea Automated Manifest System
(AMS) (US Customs Service, 2003). If the manifest is not submitted
prior to the 24 hours required, then a "Do not load message" from the
U.S. Customs will stop the carrier from loading the containers onto
the vessel (US Customs Service, 2003).

Once the manifest is sent to the U.S. Customs Service, the container
risks are evaluated. The cargo is determined to be a high or low
risk. The level of risk is based on five criteria. The port
location, cargo description, shippers name and address, consignee and
to order bill, and the seals on the containers are the five areas
that determine the level of risk. The port location must specify the
name of the port where the cargo is destined. Familiar ports such as
those from Japan and Europe would have a lower risk value associated
with it as compared to a port that provides few exports destined for
the U.S. The cargo description must be accurate and detailed.
Information about the shipper must be accurate and in depth rather
than providing broad information regarding the business of the
shipper. The consignee and to order bill provides the name of the
cargo owner or a representative for the owner. Like the ports, the
more familiar the U.S. is in doing business with a particular owner,
the greater the trust and security. This familiarity contributes to
lowering the risk level. The seals on the containers must have seal
numbers and there must be no evidence of any seal tampering. The
cargo owners, in coordination with the shippers, put these seals in
place or provide seal numbers, and the carriers are also responsible
for checking the seal numbers (US Customs Service, 2003).

Each risk evaluation criteria is reviewed once the local U.S. Customs
agents receive the manifest. If the risk level is high, the
containers are inspected at the foreign ports. If any problems in
the manifest or container inspection are identified, then a "Do no
load message" will be created. The carrier must correct any
discrepancies and the cargo declaration process then begins once
again. Lower risk containers are still subjected to random searches
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by U.S. Customs agents or by local authorities (under supervision of
the U.S. Customs agents). The containers are loaded onto the vessel
when the risk evaluation and inspection process are complete (Austin,
2003).

Table 1-2. Example list of acceptable and not acceptable container
cargo descriptions (24-Hour Advance Vessel Manifest
Rule, 2003).

Not Acceptable Acceptable
Apparel, Wearing Apparel Clothing, Shoes, Jewelry (may include watches)
Ladies' Apparel, Men's Apparel
Appliances Kitchen Appliances, Industrial Appliances,

Heat Pump
Autoparts, Parts New Autoparts, Used Autoparts

Caps Baseball Caps, Blasting Caps,
Bottle Caps, Hub Caps

Chemicals, hazardous Actual Chemical Name (not brand name)
Chemicals, non-hazardous Or U.N. HAZMAT Code Identifier #
Electronic Goods Computers, Consumer Electronics, Telephones,
Electronics Electronic Toys (can include Gameboys, Game Cubes,

Dancing Elmo Doll etc.), Personal/Household
Electronics (PDA's, VCR's, TV's)

Equipment Industrial Equipment, Oil Well Equipment
Automotive Equipment, Poultry Equipment etc.

Flooring Wood Flooring, Plastic Flooring, Carpet, Ceramic Tile,
Marble Flooring

Foodstuffs Oranges, Fish, Packaged Rice, Packaged Grain, Bulk
Grain

Iron Iron Pipes, Steel Pipes
Steel Iron Building Material, Steel Building Material
Leather Articles Saddles, Leather Handbags

Leather Jackets, Shoes
Machinery Metal Working Machinery

Cigarette Making Machinery
Machines Sewing Machines, Printing Machines

Personal Effects, Household Goods
Rubber Articles Rubber Hoses, Tires, Toys

Rubber Conveyor Belts
Rods Welding Rods, Rebar, Aluminum Rods

Reactor Rods
Scrap Plastic Scrap, Aluminum Scrap, Iron Scrap
STC (Said to Contain), General Cargo,
FAK (Freight of All Kinds), "No
Description"
Tools Hand Tools, Power Tools ,Industrial Tools
Tiles Ceramic Tiles, Marble Tiles
Wires Electric Wires, Auto Harness

Coiled Wire (Industrial)
Pipes Plastic Pipes, PVC Pipes, Steel Pipes

Copper Pipes
Plastic Goods Plastic Kitchenware, Plastic Houseware,

Industrial Plastics, Toys,
New/Used Auto Parts

Polyurethane Polyurethane Threads,
Polyurethane Medical Gloves
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1.7.3 CSI Role Upon Container Arrival into the Port of Baltimore.

The next step in the process is for the vessel to travel to the U.S.
If the vessel stops at a foreign port and additional containers are
loaded onto the vessel, then the carrier is again responsible for
listing the changes in cargo and destination. The additional
containers must have their own manifests and must go through the risk
evaluation process. The U.S. Customs Service and the local port
authorities coordinate the activities of the vessel as it approaches
and arrives at the off-load port. Some containers are simply off-
loaded from the vessel onto another vessel and taken to another port.
Yet, once the containers are off-loaded onto the pier, inspections
are conducted on 5% of the containers at the Port of Baltimore
(Costello, 2003). The off-loaded containers are typically placed on
flatbed tractor-trailers. These vehicles are randomly inspected by
the Mobile VACIS (Vehicle and Cargo Inspection Systems), or by Landed
Quantity Verification (LQV). The details of the Mobile VACIS and its
performance are provided in section 1.8 of this report. The LQV
involves opening the containers and visually checking to see if the
container contents match what is listed on the container manifests
(Austin, 2003). The cargo is not off-loaded in this process.

The Mobile VACIS uses gamma radiation to penetrate the containers.
On the opposite side of the gamma source, scintillation detectors
measure the decrease in the gamma intensity. This information is
processed into a display showing the container contents. The density
of the material displayed is compared with what is actually in the
containers according to the container manifests. Approximately 5% of
the off loaded containers are actually inspected by the Mobile VACIS
units. In both the LQV and Mobile VACIS inspection processes, if
anything unusual is detected (such as a higher density material
showing up in low density cargo - not in accordance with the
manifest) the container contents are inspected by the opposite
inspection that was initially performed. If nothing unusual is
spotted, the containers are placed at a storage site within the port
until the cargo owners arrive to pick up and move their property out
of the port. Port authorities store containers at the Port of
Baltimore for an average of 5 days (Costello, 2003). The ports have
designated storage areas where containers are temporarily placed
until the owners remove the containers. Typically the Port of
Baltimore processes 2000 containers per week. Cost information
concerning the handling of containers in the port of Baltimore is
provided in Section 9.1. The time that each container is in port
depends on when the cargo owner has scheduled time to pick up the
container. Containers and their cargo contents leave by truck, rail,
or other means.

While the containers are being stored they are subjected to random
inspection using a radiation isotope detector. The radiation isotope
detector is described in detail in section 1.10 of this report. The
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detector is also used to inspect cargo not claimed by any owner, such
as a small box of goods that may be separated from where it should be
stored. Unknown items that are not immediately associated with know
cargo shipments fall into this category and are inspected by the
radiation isotope detector to determine if there is a radiological
threat. Should anything unusual be found from the radiation isotope
inspection then the cargo is passed through another inspection method
(LQV or Mobile VACIS).

A portal monitoring system which is discussed in section 1.9, is
currently being tested at Norfolk, Virginia. This system uses gamma
sensitive scintillation detectors to determine the presences of a
radiation isotope or any other element that may be giving of gamma
radiation (Exploranium, 2002). The portal monitoring system will be
used to inspect vehicles transporting the containers off the port
property. This step in the inspection process is the last before the
containers are no longer under the control of the U.S. Customs
Service.
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documented (Manifest
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the container inspection
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used.

*Figure 1-3 shows the detailed path that a

container would take* -Owners pick up the imported
( conta~iners/cargo at the Dport

Figure 1-2. Container flowchart overview.
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1.8 VACIS (VEHICLE AND CARGO INSPECTION SYSTEM).

In this section the Mobile VACIS is analyzed. The background and a
history of the VACIS development are briefly discussed in section
1.8.1. The operation of the Mobile VACIS and how the cargo density
is used to create the image is discussed in section 1.8.2. The
radiation exposure that an operator or any other person would receive
from system operation is prescribed in section 1.8.3. The
vulnerabilities of the Mobile VACIS are discussed in section 1.8.4.

1.8.1 VACIS Background.

The VACIS was developed and first tested in 1998 as a non-intrusive
detection system capable of providing an interior image of sealed
cargo containers, trucks, and other vehicles. The purpose of such a
device was to enable the U.S. Customs Service to identify illegal
goods, primarily drugs, as they were smuggled into the country. The
principle of the system is to measure the decrease in gamma intensity
by placing a Cs-137 or Co-60 source on one side and a gamma detector
on the other side of the container. Using this data an image of the
container contents is produced, while the container or vehicle is
never subjected to an extensive time consuming search.

The U.S. Customs Service, the Officer of National Drug Control
Policy, and the Department of Defense initiated this project (Taylor,
2000). The Science Applications International Corporation (SAIC)
developed the gamma ray detection technology (SAIC, 2003). The VACIS
was designed by SAIC for many uses including fixed-site inspections,
railcar inspections, and mobile inspections. The Mobile VACIS is
used at shipping port of entries across the United States (Snell,
2001). A photo of the Mobile VACIS in operation is shown below in
figure 1-4.

Figure 1-4. Mobile VACIS in use, inspecting containers at a port
(Americana Impex Consulting Co, 2003).
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1.8.2 VACIS Operation.

Gamma emitting sources, either Cs137 or Co6 , are stored within a steel
and tungsten housing. The Mobile VACIS uses the Co60 source that
emits 1.17 MeV and 1.33 MeV gammas. The source and housing container
are placed on the opposite side of a container from the detection
array. The array consists of 256 NaI photo-multiplier scintillation
detection counters. The array is designed to minimize the image
distortion and provide adequate resolution. Some of the specific
system design characteristics are listed in table 1-3.

Table 1-3. VACIS characteristics (SAIC, 2003).

1. The spatial resolution for the Mobile VACIS is stated by the vendor to be 9 mm (0.345 inches).
2. The Nal detectors are each only 1.125 in2 in size. The use of many small detectors helps increase

the spatial resolution, reduce the noise level, and improve the image quality.
3. The Co-60 source has an activity of 0.75 Ci, and an average gamma ray energy of 1.25 MeV.

The Cs-137 source is used in rail VACIS systems, so it is not examined in this study.
4. The penetrating distance for the Mobile VACIS, using the CobO source, is 6.5 inches (16.5 cm) of

steel. Steel thicker than 6.5 inches attenuates the gammas to a level where they can no longer get
an accurate image. To achieve the maximum penetration the scan time must be slowed to
approximately 0.911 feet per second.

5. The intensity of the beam cannot be changed since the source decay and gamma energy are
constant (in an x-ray detection system, the intensity of the x-ray can by varied).

6. The scan area is 13 feet high x 8 feet wide. There are no restrictions on the length of the cargo.
7. The scanning speed is monitored and the image (similar to a highly detailed x-ray image) is

corrected for any change in scanning speed. This correction is intended to minimize any
distortions in the image geometry.

For more specific information regarding the Mobile VACIS further
information is found in the Mobile VACIS (Vehicle & Cargo Inspection
Systems) section of appendix C.

The intensity of the uncollided gammas detected by the scintillation
counter after passing through the material determines the density of
the material being scanned. Gammas, which undergo scattering
collisions crossing the container will lose energy and can be
distinguished from those gammas which undergo no collisions by the
NaI detector. Materials of different densities show up as different
scales of gray in a black and white image. Materials of similar
densities are not easy to distinguish. A program called "pseudo-
color" is used to display small density differences in color instead
of black and white (Richardson, Verbinski, and Orphan, 2001).

The uncollided gamma intensity decreases exponentially across the
container as given by equation (1.2).

l=loe-4IP)px (1.12)

is



where
I = Uncollided gamma intensity by NaI detector,

disintegrations/sec

I0 Initial source intensity, 750 mCi, initially in
system, disintegrations/sec

x = Distance the gamma travels from the source to
detector, cm

p/p Average container material mass attenuation
coefficient, 0.0564 cm2 /g

p Density of the container material, g/cm3

Equation (1.2) can be rearranged and the container material density
(p) is found through equation (1.3) as follows:

ln (I / I0)
,L= (1.3)
-- X

p

Since p/p is relatively independent of material when irradiated with a
1.25 MeV gamma and the distance x is known, the density can be
determined by measuring the ratio of detected intensity to initial
source intensity. Table 1-4 gives the mass attenuation coefficients
for common materials with 1.25 MeV gammas. As can be seen in table
1-4 the smallest 41p value is for copper with a value of 0.0521 cm2/g
and the largest is water with a value of 0.063 cm2 /g. The average p/p
value of these ten materials is 0.0564 cm2 /g. Finally, the VACIS
software converts the calculated densities into the images that are
observed by an operator.

Table 1-4. Mass attenuation coefficients for 1.25 MeV gamma in
ten different materials.

Mass Mass
Attenuation Attenuation
Coefficient Coefficient

Material (cm2/g) Material (cm2/g)
Carbon 0.0568 Lead 0.0569
Aluminum 0.0548 Uranium 0.0615
Iron 0.0531 Air 0.0567
Copper 0.0521 Water 0.0630
Platinum 0.0554 Concrete 0.0567

Generally two or three trained personnel are required to operate the
Mobile VACIS. The Baltimore port U.S. Customs Service agent stated
that an operator must undergo 40 hours of classroom training followed
by 40 hours of operational training (Austin, 2003). Extensive
background education is not usually necessary for operation - such as
a college degree. The operators work for the U.S. Customs Service

16



and not the local port authorities. The VACIS system is used to
inspect containers while still on the transporting tractor-trailers.
As a trailer gets finished with an inspection another tractor-trailer
pulls in to be inspected. However, the container transport trucks do
not wait in line to be inspected, and go directly to the storage site
if another tractor-trailer is being inspected.

1.8.3 VACIS Source Exposure to Operators.

SAIC, the vendor that developed the VACIS inspection technology,
states that a person working around the Mobile VACIS will only
receive 0.005 mrem of exposure dose per scan (Orphan, Richardson, and
Bowlin, 2001). Though this is not a very significant radiation dose,
it may pose a health risk if someone is exposed for long periods of
time. A dose equivalent calculation was made to understand the
conditions of the vendor's dose claim. The methodology for
determining the dose equivalent is based on using the "Dose
Equivalent from Gamma Source" approach, and is given by equation
(1.4), which is valid for an unshielded source: (Lamarsh, 2001).

S
H(r)= 4 (2Ua/Op)t is • QF. (Cl • C2 0 C3/C4) • t (1.4)

where
H(r) Dose equivalent (as a function of the

distance from the source) to an individual due to
the Co source used in the VACIS, mrem

S - Source strength for VACIS Co06, 1500 mCi
r - Distance operator is from source, cm
Eo= Gamma energy, 1.25 MeV for Co60 decay gamma

(4ta/p)tis Mass absorption coefficient of tissue for
1.25 MeV gamma, 0.0288 cm2/g

QF - Gamma quality factor, 1 rem/rad

Cl = Conversion factor, 3.7x10 7 dis/sec mCi

C2 = Conversion factor, 1.602xi0- 6 ergs/MeV
C3 = Conversion factor, 1000 mrem/rem
C4 - Conversion factor, 100 ergs/gram rad
t = Operator exposure time, 1 sec

While Co60 has a half-life of 5.27 years, the dose in equation (1.4)
has been calculated with the initial source intensity of 1500 mCi.
This activity value comes from the VACIS source intensity of 750 mCi
multiplied by a factor of 2. The factor of 2 is necessary because 2
gammas are emitted per disintegration.

For maximum penetration, which improves the image that is displayed
to the operator, the scan speed is approximately 1 foot per second.
With this scan speed an operator standing in one spot would only be
scanned for 1 second per container exposure. The distance that an
operator is from the source will vary depending on the individual's
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location relative to the source. For this calculation the distance
analyzed assumed that the operator was standing between 5 cm (2
inches) to 762 cm (25 feet) from the source. Twenty-five feet was
chosen as the maximum distance because this is the Mobile VACIS scan
area (25 ft x target length) (Americana Impex Consulting Company,
2003). A plot of the resulting dose equivalent versus the distance
from the source is shown in figure 1-5 using equation (1.4)

100.0

80.0

E

S60 .0 - - -_------

W
4)

S40.0
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0.0 

I

0 100 200 300 400 500 600 700

Distance (cm)

Figure 1-5. Dose equivalent plot for source distance of 5 to 762 cm
(2 inches to 25 feet) for 1 second exposure per container
from Mobile VACIS.

The plot in figure 1-5 shows that the exposure at 5 cm (first point
in Figure 1-5) is approximately 100 mrem for one second of exposure.
However, the exposure level quickly decreases and reaches the 0.005
mrem claim by the vendor at a distance of 504 cm (16.5 feet) from the
source as shown in figure 1-5.
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Figure 1-6. Dose equivalent plot for source distance of 100 cm to 762
cm for 1 second exposure per container from Mobile VACIS.

Figure 1-6 is a plot of equation (1.4), but evaluated between a
distance of 100 cm to 762 cm with a 1 second exposure. The point
where an individual receives 0.005 mrem has been highlighted and
corresponds to an operator being at a distance of 500 cm. Beyond 762
cm, the dose equivalent continues to decrease inversely proportional
to the square of the distance the operator stands from the source.
Small exposures such as those measured to be in the thousandth of a
mrem (trem) range are likely not to pose a health risk (Orphan,
Richardson, & Bowlin, 2001). The Mobile VACIS is also designed to
emit only a collimated beam of radiation from the Co-60 source.
Additionally, a "personnel restricted area" is designated behind the
detectors where operators are not allowed during the normal
operation. If the restricted area has a 196 cm (6.4 ft) radius from
the source, the triangle in figure 1-6 shows that the dose will be
brought down to 0.033 mrem per scan, assuming that this individual is
standing on the edge. If 30 scans are conducted in an hour, then
that individual would receive 1 mrem/hr. While such a dose rate is
acceptable for radiation workers at naval commands (Naval Sea Systems
Command, 1991), the VACIS worker(s) would be required to be treated
as radiation worker(s) and wear radiation dosimetry badge(s).
Additionally, the restricted area would need to be designated as a
radiation area, which would restrict access to both non-radiation
workers at the port as well as the general public.
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1.8.4 VACIS Vulnerabilities.

The computer-generated images are created in the VACIS by the
differences in the material densities. Calculations were performed
to determine the thickness of different materials that could be
placed between the HEU and the source in order to degrade the VACIS
imagined capability.

Based on information in table 1-3, placing 16.5 cm (6.5 inches) of
steel (assumed to be pure iron) between the gamma source and the
detector will degrade the VACIS output such that it no longer provide
accurate information ((Americana Impex Consulting Company, 2003).

By rearranging equation (1.2), the attenuation in beam intensity that
this thickness of steel produces can be found as follows:

I =e(PIP)px (1.5)

I0
where

I/I0 Ratio of gamma uncollided intensity to initial source
intensity

pL/p Iron mass attenuation coefficient, 0.0531 cm2 /g
(see Table 1-4)

p = Iron density, 7.87 g/cm3

x = Iron thickness, 16.5 cm (6.5 inches)

Using the iron mass attenuation coefficient for a gamma ray energy of
1.25 MeV (from the Co source), the solution for I/Io is found to be
1.01 x 10-3 (or 1/987). This fraction represents the attenuation of
gammas emitted from a Co60 source as it passes through 6.5 inches of
steel. The solution indicates that the VACIS can provide accurate
measurements until the beam intensity decreases by approximately 1000
times the original source intensity.

The VACIS only generates 2-D images; therefore it assumes that the
thickness of each material is the same. Consequently, a thicker
material of a lower density would appear as the same color as a
thinner material of thicker density. In this case, the Mobile VACIS
may not distinguish these materials from HEU, which is a potential
vulnerability of the system.

To support the argument that materials of certain thickness can
possibly "hide" 1 kg of HEU, the exponential decrease in beam
intensity per emitted photon with HEU was found with the use of
equation (1.6) below.

Exponential decrease in Beam Intensity - /PHEUPHEUX (1.6)

per photon emitted with ikg HEU sphere
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where

(t/P) HEo = Mass attenuation coefficient for HEU, 0.0615 cm2 /g

PHEU = Density of HEU, 19.1 g/cm3

x = Mean cord length for a 1kg HEU sphere, cm

To evaluate, x in equation (1.6), the mean cord length of a particle
crossing a sphere was used as shown in equation (1.7) (ICRU, 1983),
since it was assumed the gamma could enter the HEU sphere from any

direction.
4

x= - r=3.09 cm (1.7)
3

where
r Radius of the 1 kg HEU sphere, 2.32 cm

By substituting equation (1.7) into equation (1.6) and solving, the
decrease in beam intensity per emitted photon was found to be 0.0265.
Using the densities of other materials, an average mass absorption
coefficient of 0.0564 cm2 /g, the thickness needed to equal the same
decrease in intensity as 1kg HEU was determined for various
materials. The result of this calculation is given in table 1-5.
This data shows that it is possible to place a material such as
copper, with a thickness of 6.04 cm, and the VACIS image will appear
as though it is a material with same density as HEU.

Table 1-5. Thickness of materials that would appear as the same
material density as 1 kg of HEU in VACIS.

Material Density (g/cm 3) Thickness (cm)
1 kg of HEU 19.1 2.32 (radius of sphere)
C (graphite) 1.60 33.8
Cu 8.96 6.04
Fe 7.87 6.88
Pb 11.34 4.77
Pt 21.45 2.52
Al 2.70 20.0
Water 1.00 54.1

A concern with this situation is that an operator will look at the
manifest and find what material is supposed to be in the container
and the image will support the cargo manifest. The vulnerability
associated with this condition is that if SNM is buried within the
container contents, it may be overlooked. Also, this analysis
demonstrates that in order to effectively smuggle small quantities of
HEU into the United States, surrounding the HEU with shielding is not
necessary. By placing the HEU deep within the containers of normal
imports, such as iron, the HEU would be undetectable using the Mobile
VACIS.
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Another vulnerability of the VACIS system that cannot be overlooked
is that the images are examined by U.S. Customs Agents. This means
that human influence can play a large factor in whether the operator
checks each image and container with the same consistency. A tired
or lackadaisical worker may not look at the images as carefully as
required and a small but significant inconsistency in cargo shape or
density may go undetected.

While not analyzed in this study, X-ray imaging systems would likely
have greater vulnerabilities to shielding than the VACIS, because
they use lower energy photons. However, since these x-ray imaging
systems examine backscattered radiation, the analysis presented in
this section would not be directly applicable to them.

1.9 PORTAL MONITORING SYSYTEM.

The concept of a Portal Monitoring Facility has been considered by
the U.S. Customs Service for use in U.S. Ports to help detect illegal
radioactive material inside shipping cargo. The sources that would
be most susceptible to this type of detection are highly enriched
uranium and plutonium. There are other installations in the United
States that use similar monitors, namely uranium enrichment
facilities and other nuclear research facilities. Portal monitors at
these facilities are passive and are normally used for large objects
such as trucks. In order to prevent false positive readings, the
system uses an algorithm to measure radiation changes for a certain
statistical confidence level above background levels.

1.9.1 Portal Monitoring System Operation.

Portal monitors are usually designed from scintillation detectors
that can measure gamma rays from radioactive sources. The detectors
are typically made of plastic scintillations that produce electron
excitations by the entering radiation. Polyvinyl Tolulene (PVT) is a
common material used as a scintillation detector (Knoll, 2002). Upon
returning to the ground state, the excited electrons give off blue
light (i.e. 450 nm wavelength) and the resulting photons are measured
by a photomultiplier and converted into electric pulses that are
counted by the detecting system. PVT is useful for these purposes,
because it can be easily shaped into different shapes and sizes and
its low internal absorption of visible light. The detectors that
have been considered for large operations like a vehicle portal
monitor usually have two photomultipliers for each scintillation
detector in order to improve the signal to noise ratio. Lead
shielding is placed around the detector to minimize any false
detection from background radiation. The detector system is both
passive and non-intrusive, and therefore can be ideal for shipping
containers that are exiting a port on trucks or by rail.
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The U.S. Customs Service began an experimental program for the
Norfolk International Shipping Terminals and Newport News Terminals
in late 2002. The proposed placement for portal monitors is the exit
gate for trucks leaving the port, and the total scan time takes
approximately one minute for an average-sized truck leaving the port.
Typical characteristics for an existing portal monitor system are
listed in Table 1-6.

Table 1-6. Typical portal monitor system characteristics
(Exploranium, 2002).

Detector Physical Specifications 70"x 36"x 8.25"
Detector Weight 300 lbs
Detector Volume 6000 cubic inches
Photomultiplier size 2" diameter
Background sensitivity 100 nanorem/h (10-4 mrem/hr)
Minimum Gamma detection energy 2 KeV

1.9.2 Portal Monitor Sensitivity to 1 Kg HEU With and
Without Iron Shielding.

This section includes a calculation for the sensitivity of an
Exploranium Vehicle Portal Monitoring Station described in table 1-6
and the effect of iron shielding thickness with 1kg of HEU present.
This system's polyvinyl toluene (PVT) scintillator detector is
advertised to have a sensitivity of 10-4 mrem/hour (Exploranium,
2002). However, the detector can become too susceptible to false
positive readings if its threshold level of sensitivity is only
slightly above the background radiation. Assuming the background
radiation at the facility is 10-3 mrem/hour (Dirk, 2002), then a 10:1
background sensitivity ratio would require that the sensitivity for
the detectors be set to 10-2 mrem/hour. Likely the exact sensitivity
of a portal monitoring system may not be made available by the US
government for security reasons. The determination for the portal
monitor's response to 1 kg HEU with iron shielding is given by
equation (1.8) as a function of its distance from the source:

H(r) = 2) Eo QF CC E-) (1

where
H(r) = Dose rate measured by portal monitor, mrem/hr
S - Source strength of 1 kg HEU, 1.62 x 109 mCi

(Gillet 92)
E- Gamma energy of source, 0.18 MeV

p = Density of Iron, 7.87 g/cm3

23



(pa/p)tis Mass Absorption Coefficient of tissue (assumed to
match PVT), 0.02875 cm2/g

(4/p)Fe = Attenuation Coefficient of iron, 0.161 cm2/g

QF = Quality Factor, 1
Cl = Conversion Factor, 3.7 x 107 dis/sec mCi
C2 - Conversion Factor, 1.602 x 10-6 ergs/MeV
C3 - Conversion Factor, 1000 mrem/rem
C4 = Conversion Factor, 100 Ergs/g rad
Bp Dimensionless Buildup Factor, 40.2 for 5 inches

of iron (Lamarsh, 2001)
r = Distance of HEU source from detector, cm
a = Thickness of shield, cm

The source strength of 1 kg HEU for equation 1.8 is determined by
multiplying its mass by its specific activity (1,600,000 Bq/g) (Brown
and Firestone, 1986). The calculation was done first assuming that
there was no shielding (i.e. Bp = 1), and the distance of the source
from the detector was permitted to vary from 100 to 2,000 cm. The
gamma strength fell below 10-2 mrem/hr when the source was 1,948 cm or
about 64 feet from the detector as shown in figure 1-7.
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Figure 1-7. Plot of the effects of source distance on dose rate for
a portal monitoring station with no shielding.
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Figure 1-8. Plot of effect of iron shield thickness on the dose rate
measured by the portal monitoring system with 1kg HEU at
304 cm.

With 5 cm of iron shielding, the radiation was found to be
undetectable by the PVT detectors, even when the source was close to
the detector. This shielding calculation was chosen on the
assumption that an iron (steel) shield would be easier to create and
pass through the VACIS, without attracting any unnecessary attention.
As shown in figure 1-8, this shield would then be sufficient to pass
through the portal monitoring station without detection, because the
dose rate would be significantly below the minimum level for
detection. For example, the engine block of a large tractor, when
observed passing through the portal monitor would have several inches
of steel between the source and the portal monitoring station.

A calculation using a distance of 10 feet or 304 cm for the distance
between the HEU and a portal monitoring detector was also performed
as a function of iron shield thickness and is shown in figure 1-8.
Figure 1-9 shows such a vehicle portal monitoring station with such a
distance of about 300 cm from the vehicle's centerline to the
detector. The calculation showed that HEU would easily be detected
at this distance without shielding. However an iron shield with a
2.93 cm thickness would reduce the dose to 9.8 x 10-3 mrem/hr or
background radiation levels. The overall conclusion from this
analysis is that a very small amount of shielding will be able to
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fool a portal monitor that specializes in detecting gammas emitted
from a source. Alternatively, the alarm level on the detector could
be lowered to slightly above background. However, this approach
would likely result in a large number of false positives.

611
Figure 1-9. Example of a vehicle portal monitoring station.

1.9.3 Portal Monitoring Vulnerability Summary.

A portal monitoring system alone would not be sufficient for
detecting HEU in cargo leaving a port because of the possibility of
shielding placed around the specimen and the long half-life of HEU.
However, the VACIS could be used in conjunction with a portal
monitoring station to determine if there is an abnormal amount of
shielding material inside of a container. With VACIS, abnormalities
in cargo can be detected early in the offloading process for shipping
containers. This would prevent the possibility of a shielded
specimen of SNM breaching the portal monitoring station and leaving
the port. Overall, the current implementation of portal monitoring
systems in U.S. ports is still in its early stages, and the results
of this trial period have not yet been determined.

1.10 RADIATION ISOTOPE DETECTOR.

A radiation isotope detector is under consideration for use in
customs inspections in ports around the United States. Its main
purpose is to determine if a container is carrying a radioactive
isotope. The radiation isotope detectors can determine what
element(s) are present, including SNM. This technique can be very
powerful because it can help to distinguish between acceptable
medical radioactive sources and SNM without opening the container and
exposing workers to the radiation. The operation of the radiation
isotope detector is discussed in section 1.10.1. Gamma spectroscopy,
the basis of the detector's operation, is described in further detail
in section 1.10.2. Section 1.10.3 evaluates the vulnerabilities of
the radiation isotope detector while section 1.10.4 gives a summary
of this section.
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1.10.1 Radiation Isotope Detector Operation.

The Cryo3 is an example of a portable radiation isotope detector that
is used in conjunction with US Customs. It was developed at Lawrence
Berkeley National Laboratory (LBNL) and was made to be portable so
that it could be more useful in the field. Figure 1-10 shows the
Cryo3 and its relatively small size that makes it more accessible.
The portable field product by Carbercat Exploranium was used to
reference the Cryo3 because they share similar operations. The
device uses a germanium crystal and uses the principles of gamma
spectroscopy to determine the material present in the cargo
container. An example of the photon emissions for U235 is shown in
figure 1-1. This figure shows a number of distinctive photo peaks
that can be used to recognize the presence or absence of U235 . The
Cryo3 has an internal library that will compare the output of the
detector to a large library of isotopes in order to find a match,
which allows the system to identify the material present inside the
cargo container.

z
0

Figure 1-10. Picture of the hand-held radiation isotope detector,
the Cryo3.

1.10.2 Counts in Radioisotope with 1 kg HEU.

As previously mentioned, the Cryo3 uses gamma spectroscopy in order
to match the photo peaks created from gamma interactions with the
detector to those already in its library. Equation (1.9) gives the
number of counts that the radiation isotope detector would produce
from 1 kg of HEU in a given counting time (ta):

Nc= XHEuNHEuqtc~i•Gfsa (1. 9)
where

Nu Number of counts detected by radiation isotope

detector in count time tc
XEEU = Decay constant of HEU, (sec-1), given by eqn. (1.10)
NH1 u = Atoms of HEU in 1 kg, given by eqn. (1.11)
q = Fraction of gammas emitted per HEU decay, found from

data in table 1-7, as 0.8
tetCount time, seconds
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i = Intrinsic efficiency, specified by LBNL as 0.25

G = Geometrical efficiency, given by equations (1.12)
and (1.13)

fsa Fraction of gammas that escape self-absorption, given
by equation (1.15)

The decay constant of HEU is found from equation (1.10) as follows:

-HEU 1n (2) - 3.12 x 10...sec. (1.10)
AHEu : (t1/2)HEU s

where
(tl/2) HEU Half-life of HEU, 7.04 x 108 years

(2.22 x 1016 sec)

The atoms of HEU in 1 kg of can be found from equation (1.11) as:
m Ny

NHEU m - 2.56xl0 24atoms (1.11)
A

where
A = HEU atomic weight, 235 grams/mole
NAy = Avogadro's number, 0.6 x 1024 atoms/cm3

m = Material mass, 1 kg (1000 grams)

HEU predominately emits gammas with an energy between 143 KeV to 222
KeV. From the reference (ICRP, 1983), table 1-7 has been constructed
which shows that 80.08 gammas will be emitted per 100 decays in HEU
by energy.

Table 1-7. Number of gammas emitted for each energy in HEU between
143 KeV and 222 KeV per 100 decays.

Energy (KeV) y emitted per 100
decays (y)

143.76 10.96
163.33 5.08
185.71 57.2
194.94 0.63
202.11 1.08
205.30 5.01
221.38 0.12
Total 80.08

Thus q in equation (1.9) was determined to be 0.8. The geometrical
efficiency in equation (1.9) is calculated by equation (1.12) as
follows:

SA
4 ;= R2 (1.12)
42
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where
SA = Surface Area of detector, cm2

R Distance of detector from HEU source, 152.4 cm

The largest distance of the detector to the HEU is the worst-case
scenario because then the geometrical efficiency is the smallest. In
the USNA MCNP model, this would correspond to the HEU being located
in the center of the cargo container. If an extra foot is added to
account for the most probable distance between the container and the
location of the radioisotope detector, a total distance of 152.4 cm
would exist between the detector and the HEU. The surface area of
the detector was found by assuming its geometry to be circular, and
is given by equation (1.13).

SA = nrd2  (1.13)
where

rd Cryo3 germanium detector radius, 2.5 cm

Equation (1.13) yields the Cryo3 detector surface area to be 19.64
cm 2. Using this calculated surface area, and the worst-case scenario
distance of the detector to the HEU of 152.4 cm, the geometrical
efficiency was calculated to be 6.73 x 10-5.

The self-absorption property of HEU due to its high density is
another consideration because it reduces the gammas emitted by the
HEU. Hence, fewer gammas can be detected by the radiation isotope
detector. The mean free path length in HEU, XHEU, is given by equation
(1.14) for a 185.5 KeV y (most probable y emitted by HEU)

1 1 1
XU PH - - ( ( = 0.033 cm (1.14)HEUu P * P (1. 54 --M_) (19. 1 m- )

Assuming no gammas will travel farther than three mean free path
lengths (3XHEU = 0.099 cm ; 0.1 cm) in the HEU, then only those gammas
near the surface will be emitted. Figure 1-11 illustrates this
concept.
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Figure 1-11. Pictorial view of the area in which the HEU will self-
absorb gammas, and the area in which the gammas will
escape.

From figure 1-11 it is apparent that only a certain fraction of the
gammas will escape self-absorption from the HEU sphere. This
fraction is defined as fsa, and the equation used to find this
fraction is given by equation (1.15) below.

- Vshell _ 4 r rAr
Vsphere 7r(r 1 +Ar)3  (1.15)

where
fsa = Fraction of gammas that escape self-absorption
ri = Radius of HEU sphere which gammas will be self-

absorbed, 2.22 cm

Ar Radial distance of HEU sphere which gammas will
escape, 0.1 cm

Equation (1.15) yielded a fraction of gammas that will escape self-
absorption as 0.12. Therefore, only 12% of the gammas will escape
the HEU while 88% will be self-absorbed. Table 1-8 summarizes the
parameters needed to evaluate equation (1.9).
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Table 1-8. Summary of parameters to determine the number of counts
from gamma spectroscopy for 1 kg of HEU.

Parameter Value
Decay constant of HEU 3.12 x 10- sec-
Atoms of HEU 2.56 x 1024 atoms
Fraction of gammas that are 0.80
Emitted per decay for HEU
Geometrical efficiency 6.73 x I0"
Intrinsic efficiency 0.25
Fraction of gammas that will 0.12
escape self-absorption

An experiment was conducted in the USNA Subcritical Reactor
Laboratory on a similar type of germanium detector to estimate
background counts that would be produced in the count time when Cryo3
was in operation. The germanium detector used had many of the same
features as the Cryo3; they both have similar surface areas and
intrinsic efficiencies. In the USNA set-up, the germanium detector
was surrounded by thick lead shield that substantially reduced the
background counts from the subcritical reactor in the room. The
experimental set-up is shown in figure 1-12.

r•-- High Voltage

Powver Supply

AnDigital Multichannel

Lifer Converter Analyzer
Germanium \Apier (ADC)

detector and
signal Lead
processing Shield
electronics

Figure 1-12. Experimental set-up of the gamma spectroscopy experiment
at USNA using a germanium detector.
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Before the experiment was conducted, the USNA germanium detector was
energy calibrated with several sources (Co6°, Cs137, Na22 , and Ba 137) in
order to ensure that the integrating region of interest was set
between 143 KeV and 222 KeV which is the main energy gammas that
would be emitted from HEU.

The result of the experiment was a background count rate of 0.35
counts/second for the USNA germanium detector. Using this value, the
Cryo3 background count was estimated to be 107 for a five minute
count. Assuming that a HEU signal to background of 10 or greater is
needed in order to get a clear HEU signal, Nc in equation (1.9) would
have to be greater or equal to 1070 in 300 seconds.

The count time is not specified in equation (1.9) because it is a
variable. Figure 1-13 shows the counts in the radiation isotope
detector for 1 kg of HEU versus the counting time. The upper limit
of 300 seconds was chosen because that is the integration time that
the external neutron stimulation method utilizes.
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50 100 150 200 250 300
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Figure 1-13. Counts in the radiation isotope detector
versus counting time for 1 kg of HEU with Cryo3 and
HEU located in worst-case scenario position.
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As can be seen from figure 1-13, the Cryo3 can accurately determine
the presence or absence of 1 kg of unshielded HEU since the number of
counts in 300 seconds would be nearly 40,000 even with the HEU
located in the worst-case scenario position, because this number is
nearly 400 times greater than the corresponding background count of
107.

1.10.3 Radiation Isotope Detector Vulnerabilities.

One problem with using gamma spectroscopy as a primary means to
detect HEU is that high atomic numbered materials (Z) are very
effective at shielding gamma rays whose energies are less than 200
KeV (LaMarsh, 2001). Since U235 has most of its gamma emission lines
below 200 KeV (see table 1-7), high Z materials can easily shield HEU
gammas. Additionally, if 1kg HEU was shielded by lead such that the
counts in five minutes was 1/400 of the above 300 second count time
value, this mass of HEU would probably not be detected because counts
from the HEU (Nc) would be of the same magnitude as background counts
(i.e. assuming the detector alarm threshold was not set at or below
twice background). Consequently the thickness of lead needed to
reduce the counts from the HEU by a factor of 400 was determined
using the equation:

I=1oe-Ix (1.16)

Solving for x in equation (1.16) gives the result:

(1.17)
)¾~b

where

ýLPb Lead attenuation coefficient
I/I0 = 1/400 = 0.0025

The attenuation coefficient in equation (1.17) can be found assuming
the HEU gammas have an energy of 180 keV.

Ppb= PPb=I. 126 -- ×11. 3 - =14.21cm-1  (118)
(P ) ) bcm 

3 "

where

(JI/P)Pb Mass attenuation coefficient of gammas in lead,
1.179 cm2 /g

PPb Density of lead, 11.3 g/cm3

The result of this calculation is that less than a 0.2 inch thick
piece of lead will shield the HEU from gamma detection by the
radiation isotope detector!
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1.10.4 Summary.

Although the Cryo3 can easily detect 1 kg of HEU unshielded, it has
an inherent vulnerability that it cannot detect 1 kg of HEU if it is
shielded by as little as 0.2 inch piece of lead. Assuming that the
HEU would be illicitly trafficked into the U.S., the person(s)
responsible for its transport would most likely shield it so that it
is not easily found through current modes of inspection. With such
shielding, additional inspection technology beyond the radiation
isotope detector would be needed to detect one kg of HEU.

1.11 FUNDAMENTAL PROJECT SCENARIO.

While considerable effort has gone into the detection of SNM, a
difficult scenario would be the detection of a small mass of HEU in a
very large container. Following discussions with the Defense Threat
Reduction Agency (DTRA) personnel, it was specifically decided to
study the feasibility of detecting for the presence or absence of 1
kg of HEU by the use of external neutron stimulation. Further, the
HEU was to be located anywhere within a large shipping container that
could be filled with a wide variety of different cargoes at a US
port-of-entry that had been off loaded from a transoceanic cargo
vessel. The cargo would act like a shield and hence make the
detection of the HEU that much more difficult. This scenario
reflects the concern that this material would be secretly smuggled
into the US by a terrorist organization, attempting to assemble a
crude nuclear device. Since 1 kg of HEU is below a critical mass,
the assumption is that the terrorist group would then stockpile the
HEU until such time that it had a critical mass. HEU was chosen as
the SNM, because it is inherently much more difficult to detect than
plutonium as discussed above in sections 1.1 and 1.2. Consequently,
if the system was determined to be feasible for the detection of HEU,
it would also be useful to detect plutonium.

The motivation to study HEU detection with external stimulation is
fourfold. First, existing technologies as discussed in section 1.8-
1.10 have vulnerabilities for short inspection times. Any system,
which required lengthy examinations to achieve high statistical
confidence would be impractical, because of its detrimental effect on
commerce. Second, as discussed in sections 1.4 through 1.6, external
neutron stimulation has been successfully implemented in well-
logging, nuclear waste assaying in 55 gallon drums, and by commercial
vendors for the interrogation of small packages. Third, this
technique would be non-invasive if the source and detector were
placed external to the container. Fourth, the detailed requirements
for success of this approach had not been systematically studied and
published elsewhere to the knowledge of the authors.
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1.12 METHOD OF APPROACH.

The feasibility study was performed in ten steps. First, a benchmark
facility was defined, which specified the container dimensions, wall
materials, and the surrounding environment. Second, this facility
was then modeled using both fundamental principles of neutron
transport (deterministic approach) and using Monte Carlo techniques
(stochastic approach). A description of the facility chosen and the
Monte Carlo N-Particle (MCNP) technique used is given in sections 2.1
and 2.2. The deterministic approach was used in detail to study the
14 MeV pulsed neutron source in section 4.4, but was also used
throughout the report in order to understand the results calculated
by the MCNP based models. Third, using MCNP, important source
variables such as its neutron emission energy, operational mode
(continuous or pulsed), and strength were studied. Section 3
contains the results for a continuous source, while section 4 details
the pulse source analysis without the presence of cargo. Also the
effect of both the source and detector positions outside the
container as well as the HEU location within the container are
analyzed in these sections. Fourth, but in concurrence with the
third step, the choice of detection mode (i.e. count neutrons,
gammas, or both) had to be considered and is discussed in section
2.3. An important consideration at this point was that the presence
of 1 kg HEU had to produce a signal that was significantly greater
then that which would be produced by background radiation. Fifth, the
effect of cargo within the container was studied and compared to the
results without payload. These results are described in section 5.
Sixth, a shielding analysis is provided in section 6. In this
section, the dose rate emanating from the facility with a concrete
shield is analyzed using two historical approaches and then these
methods are compared to an MCNP analysis. In section 7, an analysis
is presented on the effects of varying the source distance to the
cargo container. A cargo activation analysis was performed and the
results are in section 8. Next, in section 9, a feasibility study
which consisted of examining federal rules and regulations on the
facility operations. Also included in this study was a cost
analysis, basic site layout, and four different stimulation facility
designs. Comparison of gamma signatures in common cargo materials to
that in HEU and reactor grade plutonium is given in section 10. Also
included in this section is an MCNP analysis of gamma transport from
a plutonium source within a shipping container and its interaction
rate with a gamma sensitive detector located outside the container.
Finally, project conclusions and recommendations are presented in
section 11.
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SECTION 2

BENCHMARK FACILITY DESCRIPTION AND MODEL DEVELOPMENT

In this section of the report, the benchmark facility and the
modeling techniques used are described. Both the facility's physical
and surrounding environmental features are given in section 2.1.
Since the facility was analyzed using the MCNP (Monte Carlo N-
Particle) transport code (Los Alamos National Laboratory 2000),
section 2.2 has been included to briefly review important MCNP
concepts. Appendix A contains a listing of the benchmark MCNP model
used in this project. In order to eliminate geometry errors within
the model and to improve system visualization, both the SABRINA
software code (Van Riper 2002) and the MCNP geometry plotting
routines were employed. Section 2.3 describes both the SABRINA code
as well as the MCNP plotting routines used in the project. An
important feature of the problem was the neutron detector used to
measure the neutrons produced by the external stimulation. In this
project the Optimized Neutron Detector for Arms Control (ONDAC)
(Millett 1997) was used and its description is given in section 2.4.

2.1 BENCHMARK FACILITY DESCRIPTION.

In order to develop a benchmark facility, a web-based search was
performed which yielded a wide array of different types and sizes of
commonly used maritime containers. Table 2-1 lists the different
maritime container types, their physical dimensions in which their
available from the vendor, and general use that was found from one
website (Maxx 2002).

Table 2-1. Types, physical dimensions, and general uses of maritime
containers.

Container Type Physical dimensions General use
Dry freight container 20' x 8' x 8' 6" General purpose

40' x 8' x 8' 6"
High cube container 40' x 8' x 9' 6" For over height and voluminous

45' x 8' x 9' 6" cargo
Open top container 20' x 8' x 8' 6" Removable tarpaulin for toploading

of oversized cargo
Flat rack 20' x 8' x 8' 6" For transportation of over-width

40' x 8' x 8' 6" and heavy cargo
Refrigerated container 20' x 8' x 8' 6" For cooling, freezing or heating of

40' x 8' x 8' 6" foods and chemicals
High cube refrigerated 40' x 8' x 9' 6" For over height and voluminous
container cargo requiring cooling or freezing
Tank container 20' x 8' x 8' 6" For transportation of liquid

chemicals and food stuffs
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Based on this information, it was decided to make the benchmark
facility a dry freight container whose dimensions would be 20' x 8' x
8'. A picture of such a container is shown in figure 2-1. The
maximum gross weight of this container would be approximately 30,000
kg, while the maximum payload would be approximately 28,000 kg.

Figure 2-1. Benchmark facility: Dry freight container with dimensions
20' x 8' x 8' (photograph from Cronos website (Cronos
2002)).

With the physical dimensions established, other features were added
to the model that simulated the container off-loaded from the vessel
and placed on the ground. These features included a steel wall on
each side, whose thickness was taken to be 1/4". Also 2" of soil was
modeled to be beneath the container in order to account for ground
scattering. Inside the container, 80 cylindrical dimensionally
identical cargo drums were created along with air zones between these

cylinders. Each drum was oriented vertically with a 4' height, in
order to make drum height equal to half that of the container. All
drums had a one foot radius. There was a top set and a bottom set of
cargo drums. Each set consisted of 4 rows with 10 drums in each row.
In this configuration, the drums touched each other. To monitor the
escaping neutrons three high efficiency neutron detectors were
located outside the container. The detector chosen for use in the
model was the ONDAC detector. A description of the ONDAC and its
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model locations is given in section 2.4. The model also contained a
spherical cell, whose radius was taken to be 2.32 cm. In the project
the sphere was moved to different locations in order to study the
effect of ONDAC detector/HEU source separation distance. The
material in this sphere was either HEU in order to simulate a 1 kg
source or air in order to simulate the system response with no HEU
present. Finally the model contained a point neutron source, which
could be located externally or internally to the container. A three-
dimensional SABRINA representation of this model is shown in figure
2-2.

Stecd ontaInc i J (i bpd-pcfl- I )I
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Ait ( Outiside the 4onl.±,inct no AI i \,I ran~pm:t Ih

Figure 2-2. SABRINA representation of benchmark facility. Shown are
the 80 cargo drums, three ONDAC detectors, 1 kg HEU
sphere, and soil. The container wall has been made
transparent. Not shown is the location of the neutron
source.

2.2 MCNP MODEL.

Monte Carlo methods are numerical techniques, which use random
sampling of probability distributions to create individual case
histories. These histories are then averaged to estimate the
solution to a physical problem. In particle transport problems, the
simulation starts with a source particle and a modeled physical
system. Distributions are sampled randomly to obtain the energy and

38



direction of flight of the source particles. Over a large number of
source particle histories, the simulation eventually follows the
physical source characteristics. After the particle leaves the
source, it can interact and collide with atomic matter in many ways.
The probability distributions of these interactions depend primarily
on the colliding particle's energy, the type of particle, and the
atomic properties of the matter. The "life" of one of these
particles is governed by many random processes (Lux 1991). First the
particle is started from the source. Then, the distance traveled in
a medium between interactions, the energy of the scattered particle,
its direction of flight, and the number of secondary particles that
are created are all governed by probability distributions. Finally,
when the particle's energy drops below a certain threshold or when
the particle is absorbed, the simulation begins a new history.
Random numbers are generated within distributions at each event to
determine the particle's path and energy. This makes single
interaction Monte Carlo solutions difficult. This life of randomly
determined interactions is called the particle's random walk. The
final solution to the problem involves averaging the particle's
behavior over a large number of these particle histories or random
walks. As the number of histories increases, the problem solution
approaches the expected value.

The Monte Carlo simulation used in this project was the Monte Carlo N
Particle transport code (MCNP). This program was developed at LANL
and continues to be updated there. The version of MCNP used
predominately throughout the project was MCNP4C2 (Los Alamos National
Laboratory 2000). The program was obtained from the Radiation Safety
Information Computation Center (RISCC) in Oak Ridge, Tennessee. The
code is a computer based program that can currently be implemented on
a large number of platforms. For this project, MCNP ran on Pentium-
based personal computers. Prior to running any cases on any
computer, test programs were run which ensured that MCNP was working
properly. These test programs came with the code and are an
essential part of the installation process. In all cases the test
programs showed that there were no errors in the installation or in
the execution of the program.

MCNP4C2 has various capabilities that were essential to this project.
The program is able to model the transport of neutrons, photons, and
electrons, although only the neutron and gamma transport feature was
used in this project. The code has nuclear libraries of energy
dependant cross sectional data for many isotopes and elements. The
Evaluated Nuclear Data File-Version B (ENDF/B) library was used in
this project, which contained neutron cross sections up to 20 MeV.
Another feature of the MCNP4C2 program is its two dimensional
graphical capabilities. However, as discussed in section 2.3, the
SABRINA plotting package was used for this task due to its three
dimensional plotting capabilities.
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In each simulation, MCNP gives a relative error based on the
statistics of the problem. As stated previously, MCNP approaches the
expected solution to a given problem over a large number of
particles. The relative error value given by MCNP varies inversely
with the square root of the number of particles histories in the
problem. For example, quadrupling the number of particle histories
will halve the relative error value.

The MCNP standard deviation is calculated in the following manner:

R= - 1 Rk (2.1)
N k=1

where
Routput value of the MCNP tally (i.e. interactions per

source particle in a cell)
N - number of particle histories
Rk = parameter calculated from the kth particle history

2 1 N (Rk 2)

S =- L- (2.2)N k=1 N (

where
S standard deviation

Finally, MCNP finds the relative error, which is calculated by the
following equation:

S
r =(2.3)

where
r relative error

For an MCNP simulation to be statically valid, it is recommended that
the relative error be 0.05 or smaller. For most simulations
conducted, r was typically less than 0.01, but this generally
required 109 particle histories.

For all simulations, MCNP generates all random numbers from a random
number seed. The random number seed determines the manner in which
each distribution will be sampled throughout the problem. All
subsequent random numbers are calculated using this seed. Two
identical input files with the same random number seed will produce
identical output parameters. Varying the random number seed between
runs has little effect for problems with a large number of particles
since the problem is approaching an expected value.

The random number seed can be changed by use of the DBCN command.
The maximum number of particle histories was limited to 109 in this
investigation because of the lengthy computation time in these cases.
For simulations that required more than 109 particle histories in
order to achieve a low relative error, multiple particle histories
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were averaged together, but a different random seed number initiated
each simulation.

Another artifact developed in Monte Carlo simulations is the
occasional lost particle. When a particle is lost it is excluded
from the MCNP tallying process. This problem can occur in models
with complex or ill-defined geometries. Using the MCNP graphics
plotting package as well as SABRINA, it was determined that the cause
of this phenomenon was due to numerous surfaces and cells within the
USNA model, and not due to an ill-defined geometry. This problem was
noted to be statistically insignificant as in the worst cases only 1
in 10 million particles were lost.

The MCNP input files were created and continually modified with the
principles contained in this subsection. The input file of a typical
model created by this project is given Appendix A.

2.3 MODEL PLOTTING SOFTWARE.

Two tools for model plotting were used in the project: SABRINA and
the MCNP plotting routines. SABRINA is an interactive program that
produces two or three dimensional images (Van Riper 2002). Figure
2-2 is an example of a three dimensional picture produced by SABRINA.
The program has the capability of graphically displaying an MCNP
input in three dimensions using polygons and surface shading. MCNP
input files are formatted with the required extension, and then read
by SABRINA in order to construct an image. The 3-D model can be
rotated for viewing at various angles, and can be resized as desired
by the user. This rotation feature was found to be extremely useful
when searching for possible voids or improperly defined cells during
the model construction and validation process. In addition, the
ability to assign colors by both material and surface allows for
creation of an easily distinguishable representation of the MCNP
model. SABRINA representations included in this report have been
extracted from the SABRINA program and converted to the JPEG format
for general use.

MCNP4C2 contains a two dimensional plotting routine, which was also
used in the project. Because of its two dimensional limitation, any
model constructed has to be viewed in separate planes, which can be a
time-consuming process. Figure 2-3 is a typical example of a two
dimensional plot produced by MCNP. In this figure an x-y view of a
container model in the z= -100 plane is given, which gives a cross
section view at 100 cm below the vertical mid-plane of the container
or approximately 20 cm above the surface of the ground. One can see
in figure 2-3 the four rows of containers, in which 10 cylindrical
cargo containers are in each row. The numbers shown represent
surfaces that have been defined within the model. For example,
surface 64 represents the outer limit of the model. Particles
crossing outside this surface enter the surrounding universe and are
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no longer followed by MCNP. Zooming into a particular area is
performed by changing the extent to the x and y axes.

Figure 2-3. MCNP model of cargo container as viewed in the x-y plane.
Origin of plot is at x = 0, y = 0, z = -100 cm, which
corresponds to center of the container approximately 20
cm above the ground.

2.4 ONDAC DETECTOR.

In order to make the MCNP results more useful, a neutron detector was
integrated into the model. Since it was known that the neutron
signal from 1 kg of HEU would be small, an extremely high efficiency

neutron detector was required. The detector selected for these
purposes was the Optimized Neutron Detector for Arms Control (ONDAC).
There were for two main reasons the ONDAC was selected. First, since
the detector had been designed using MCNP at the USNA (Millett 1997
and Millett 1998), an MCNP detector model was available at the start

of the project. Second, the ONDAC background response to cosmic ray
neutrons had been measured in experiments conducted at LANL (Murphy
1999) . While the cosmic ray neutron background will vary with
location, these measurements gave the project a first order
estimation of the instrument's background response. In turn this
instrument data allowed the project to make HEU signal to background
noise calculations.
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The ONDAC detector is a lightweight high sensitivity instrument
developed for potential use in arms control. A detailed description
of the system is given by its operation and maintenance manual
(Nelson 1997). The system uses nine one-inch diameter 10 atmosphere
He3 tubes surrounded by a polyethylene moderator. Fast or epithermal
neutrons, which pass through the cadmium liner, are moderated by the
polyethylene block. A cross section of the detector, showing the
approximate tube layout and dimensions is shown in figure 2-4. The
system dimensions were developed in order to have maximum neutron
moderation combined with minimum neutron weight. Because the system
has five tubes in the front row and four in the back row, it has a
higher neutron efficiency when the front row is closer to the source.
For use in the project, the ONDAC detector was evaluated with and
without the use of its cadmium liner as discussed in section 3.3.

Incident neligrons

105 cm

I Inch. diameter

polyethylene moderator X

Figure 2-4. ONDAC detector cross sectional geometry.

Each He3 tube has a height of 20 cm. The tubes are connected together
in parallel with SHV connectors. The system is surrounded with a
composite material case. This case, along with shock absorbing
springs for the He3 tubes, provides for ruggedness in field
applications. The system readout and operating voltage of 2075 V is
applied through the use of an Eberline E-600 survey meter. Figure
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2-5 shows a photograph of the entire system, including the E-600
survey meter.

Figure 2-5. ONDAC system with composite case and Eberline E-600
survey meter.
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In all MCNP models, three ONDAC detectors were inserted lengthwise
along one side of the cargo container. In this way, distance effects
between the HEU and the ONDAC detector on the number of interactions
per source particle could be more easily evaluated. It was
recognized that in an actual facility design, some modifications
would likely be made to the detection system as modeled. For example,
the detector(s) could be placed on a track and mechanically moved in
order to perform lengthwise scans of the cargo container. However,
such modifications were felt to be of secondary importance and did
not need to be modeled in order to assess the feasibility of the
stimulation concept.
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SECTION 3

STIMULATION USING A CONTINUOUS NEUTRON SOURCE WITH PROMPT NEUTRON

COUNTING AND NO CARGO

In this section the results of the neutron stimulation analysis are

given in which the source emits neutrons continuously. Two examples

of this type of source would be either Cf 2 5 2, which emits fission
energy neutrons, or plutonium-beryllium, which emits neutrons with an

average energy of 4 MeV. These sources produce prompt neutrons and

in this section it was assumed that these neutrons are what would be

counted. The general approach taken in this analysis was to use the
MCNP4C2 code and compare the interactions per source particle in the

stationary central and two side ONDAC detectors with and without HEU
present in the container. The center ONDAC was positioned as the

center of the Cartesian coordinate system (i.e. x = 0, y = 0, z = 0).

The parameters analyzed included the effect of varying the distance

of the HEU from the source, effect of using sources with different
neutron emission energies, effect of using an epi-thermal versus a

thermal detector, and the effect of using backscattered neutrons. In

all cases, the inside of the container was modeled with air, which
corresponds to the case of no cargo, and the neutron sources were
assumed to be isotropic.

3.1 PARAMETER STUDY.

Figure 3-1 shows the effect of different source energies on ONDAC
efficiency. In these simulations the source was on the direct

opposite side of the container (i.e. x = 0, y =

-312.8 cm, z = 0) from the ONDAC and the HEU was located in the exact

center of the container (i.e. x = 0, y = -159.6 cm, z = 0). The
sources were taken to be monoenergetic between 0.0253 eV (thermal

neutron source) to 1 MeV along with a polyenergetic Cf252, which is
shown in figure 3-1 as a 2 MeV source. The MCNP cases used to obtain
these results held both the source and HEU position constant while

varying the source energy. Efficiencies were obtained by dividing

the number of interactions in the ONDAC by the total number of
possible interactions allowing for geometrical attenuation.

Equations (3.1) and (3.2) below are the equations used to find the
ONDAC efficiency and the maximum number of interactions in the ONDAC

respectively.

Interactions in ONDACONDAC efficiency -=31

Maximum Interactions (3.1)

Total ONDAC detector frontal area (3.2)Maximum interactions =(32

47 R2

46



The 4 R2 term in the denominator of equation (3.2) is the surface area
of a sphere of radius, R. Shown in figure 3-1 are the efficiencies
of both the side and central ONDAC detectors, both with and without
HEU present. As can be seen in this figure the side ONDACs are
slightly less efficient than the center ONDAC and that the presence
of HEU decreases efficiency slightly. However, the major effect on
efficiency is clearly source energy. The peak efficiency occurs at
approximately 1 eV, which is very close to the large fission
resonances that occur in U235 .
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Figure 3-1. Effect of source energy on ONDAC efficiency.

Figure 3-2 is a plot the fission cross section of U235, which shows
the resonance structure. The largest fission resonance occurs at
8.77 eV and has a value of 713 barns (KAERI, 2002). Thus this energy
was chosen to study the effect of varying the distance between the
HEU and the source. The results of this study are given in figure 3-
3. Displayed on the vertical axis is the interaction ratio of
simulations run with and without HEU present in the container. In
this study it was desired to find the conditions that produced the
highest interaction ratios above unity. In the simulations with the
HEU present, the HEU sphere was moved along the centerline of the
container, but in all cases was in the direct line-of sight between
the source and the ONDAC detector. In figure 3-3 the ONDAC distance
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from source, which was held constant at 312.8 cm, has normalized all
results. Surprisingly all the interaction ratios were less than
unity! The explanation of this result was that HEU decreased the
solid angle that neutrons emitted by the source could travel
uncollided and still reach the ONDAC detector. In other words, the
HEU produced a shadowing effect on the ONDAC detector. This
shadowing effect dominated those neutrons that collided in the HEU
and fissioned, because these fission neutrons were emitted
isotropically and hence had a small probability of ever interacting
with the ONDAC.

MT 18

4-3

10 .4 10 .3 10 .2 10 -1 i0 I0101 10 2 10 3 10 4 10 5 10 6 10 7

Neutron Energy (eV)

Figure 3-2. U235 fission cross section.
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Figure 3-3. Resonance study - Normalized detector distance from
source vs. response ratio in central ONDAC.

In order to find a combination of source and HEU positions that
produced interaction ratios greater than unity, it was necessary to
move the source and HEU very close to each other. Figure 3-4
displays the ONDAC interaction ratios with and without HEU present
for various source energies with the HEU to source distance at 5 cm
and the HEU 52.9 cm from the ONDAC. Physically, this would imply
that the source was well inside the container and the HEU was
relatively close to the ONDAC. Indicated by arrows in figure 3-4 are
the energies of a Cf252 source and the 14 MeV source energy. It is
clear from this figure that the higher source energy, the higher the
interaction ratio with the 14 MeV source being superior to all others
studied with a value of 1.2. There are two reasons for this result.
First, more neutrons are released from fissioning by 14 MeV neutrons
than by Cf252 neutrons with HEU. This effect increases the numerator
of the interaction ratio. Second, the ONDAC has a higher efficiency
to detect fission neutrons than 14 MeV neutrons based on
extrapolating the results in figure 3-1. This latter effect
increases the denominator in the interaction ratio for Cf252 neutrons
compared to 14 MeV neutrons when no HEU is present. From this
finding, the decision was made to only use 14 MeV sources for further
analysis.
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Figure 3-4. Interaction ratios in ONDAC detectors vs. source
energy with HEU to source distance of 5 cm.

In the next study, 14 MeV sources were placed at different locations
around the container as well as at further distances from the HEU.
However, at a distance of only 13.0 cm between the source and the HEU
and with the HEU only 52.9 cm from the source, the interaction ratio
was found to be essentially unity as shown in figure 3.5. This near
unity interaction ratio is a reflection of the fact that at HEU to
source distances of 13 cm or larger, too few fission neutrons reach
the ONDAC detector compared to those from the source itself.
Obviously 13 cm is too short a distance to make this approach
practical. Thus several techniques were studied to enhance the
signal produced by the HEU compared to the source.
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Figure 3-5. Effect of HEU distance to source with a 14 MeV source.

The first technique studied to improve the signal to noise ratio was
to consider the use of backscattered neutrons. Since all 14 MeV
sources are essentially isotropic, this approach had to be
accomplished by the use of neutron shields. To accomplish this
backscattering effect, both the ONDAC and the neutron source had to
be placed on the same side of the container. The source itself was
positioned closer to the container than the ONDAC (i.e. in front of
the ONDAC) such that if neutron was emitted at 90* or less, it would
not interact with the ONDAC. Then borated polyethylene, a large
neutron absorber, was placed in a rectangular parallelepiped geometry
box behind the source to prevent neutrons emitted at 90' or greater
angles from reaching the ONDAC detector. The borated polyethylene
shield couldn't be placed entirely around the source or else few
neutrons would enter the container. Figure 3-6 illustrates the
SABRINA model of this set-up.
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Figure 3-6. SABRINA model of borated polyethylene rectangular
parallelepiped surrounding neutron source. Two ONDAC
detectors were used in this model. Small dot in
front of ONDAC represents the HEU sphere.

Figure 3-7 shows the effect of increasing the volume of the borated
shield on the overall ONDAC interaction. In all borated polyethylene
shield trials, the distance from the HEU to the 14 MeV source was
held constant at 101.1 cm and the HEU was 52.9 cm from ONDAC, while
the source was in the center of the shield. As expected, increasing
the volume of the borated polyethylene shield reduced the number of
neutrons interacting with the ONDAC detector, indicating that the
shield was absorbing neutrons as expected. In the highest volume
case (1.1025 mi3 ) the shield extends almost entirely between the source
and the ONDAC detector.

52



1.40E-04

1.20E-04

o 1.OOE-04

0.

Co 8.00E-05
0

6.00E-05

S4.00E-05

S2.OOE-05

- 0.OOE+00
0 0.0225 0.2025 0.5625 0.7875 1.1025

Volume of Borated-Poly Shield (mA3)

Figure 3-7. Effect of borated polyethylene shield volume on
interaction rate in ONDAC using backscattered
neutrons. Source in center of shield. Source is
located 101.1 cm from HEU, while
HEU is 50.9 cm from ONDAC.

The effect of a borated polyethylene shield on the ratio of
interactions with and without HEU is shown in figure 3-8. In all
cases of this study, the distance from the HEU to the source was held
constant at 101.1 cm and the distance from the HEU to the central
ONDAC was also constant at 50.9 cm. The unity interaction ratio is
also displayed in this figure. As the volume of the borated shield
increased, the ratio of interactions also increased, but never
exceeded 1.1. Since figure 3-8 displays a case in which the source,
HEU, and ONDAC were at relatively close distances, it was viewed that
at larger distances the borated polyethylene would not be very
effective.
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Figure 3-8. Effect of borated polyethylene shield volume on ratio of
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with source in center of shield. HEU 101.1 cm from
source and 50.9 cm from ONDAC.

The last effect studied was the use cadmium of shields around the
ONDAC detectors in order convert the detector into an epi-thermal
detector and hopefully improve the ratio of neutrons detected with
HEtV to that without HEU. The results of this study are displayed in
figure 3-9. The conditions were the same as in the borated
polyethylene study in that both the ONDAC and 14 MeV were on the same
side of the container except that they was no borated polyethylene
shields. The distance between the HEU and the source was 101.1 cm,
while the HEU was 50.9 cm from the ONDAC. Then simulations were run
with the HEU at distances between 3 cm and 101.1 cm from the source
and without HEU. As can be seen in figure 3-9, the effect of the
cadmium shield is to reduce the interaction ratio. Additionally, it
was observed that the cadmium shield has a noticeable effect that
occurs only when the HEU is several cm away from the source.
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Figure 3-9. Effect of cadmium on ratio of interactions in center
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no HEU present with a 14 MeV source. HEU 52.9 cm from
source.

3.2 CONCLUSIONS.

The analyses presented in the preceding subsection leads to the
strong conclusion that neutron stimulation with a continuous output
source is not a feasible approach to detect 1 kg of HEU in a large
cargo container. The reason for this conclusion is that the neutrons
from the source dominate the fission neutrons created by the
stimulation of HEU except in the case where the source is only
several cm from the HEU. However, the stimulation source also
creates delayed neutrons, which appear long after the prompt neutrons
dissipate. A stimulation approach based on the use of these neutrons
is described in the next section.
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SECTION 4

STIMULATION USING A PULSED 14 MEV NEUTRON SOURCE AND COUNTING DELAYED
NEUTRONS IN A CONTAINER WITH NO PAYLOAD

In this section of the report, an analysis of a pulsed 14 MeV source
delayed neutron technique is presented. The underlying principles of
the technique are described in section 4.1. In section 4.2 the
advantages and disadvantages of a pulsed source compared to a
continuous source are given. Section 4.3 reviews the commercial
availability along with the capabilities of these sources. Also
recent advances in pulsed 14 MeV neutron source technology at LLNL
are described, which may be significant in making this approach
feasible. A deterministic analysis on this technique is presented in
section 4.4. This section describes the assumptions made,
relationships developed, and results obtained. A MCNP analysis was
also performed, which is described in section 4.5. Section 4.6
presents a comparison of the deterministic and MCNP methods under
identical conditions. Recommendations of the operating parameters
and minimum source pulse rate are given in section 4.7. Finally,
section 4.8 summarizes the conclusions reached on this stimulation
approach.

4.1 DESCRIPTION OF THE TECHNIQUE.

When neutrons interact with fissile material, both prompt and delayed
neutrons are produced. The prompt neutrons are emitted
simultaneously with the fission event. The delayed neutrons are
produced from the decay of fission products. Of the nearly 200
fission products produced, approximately 40 emit delayed neutrons.
The delayed neutrons have half-lives that vary from a fraction of a
second to days. The average half-life of a delayed neutron emitter
is approximately ten seconds (La Marsh 1982). In contrast prompt
neutrons have life times that depend on the medium through which they
diffuse, but in nearly all cases they will dissipate in less than

four milliseconds or 4000 •sec (Smith 1979). This large difference in
life times means that if fissile material is bombarded with a pulsed
neutron source, there will still be a neutron signature long after
the source is turned off. In order to apply this technique, a 14 MeV
neutron generator can be cycled by use of electronic timing gates,
which as they open and shut, send signals that turn on and off the
generator's voltage. When the voltage is applied, neutrons are
produced. Neutron production ceases when no voltage is applied.
These electronic gates also can produce signals that turn on and off
a nearby neutron detector(s). In this technique, the detector only
counts neutrons after the pulse has ended and the prompt neutrons
have dissipated. An analysis of the optimum pulse and count times
is presented for this technique in section 4.4. In figure 4-1, the
normalized thermal neutron time response data is shown for fissile
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material bombarded with a 100 microsecond 14 MeV pulse. As can be
seen the neutron count rate builds up rapidly during the pulse and
then exponentially decreases during pulse shutoff. As shown in
figure 4-1, the time constant for decay is 1430 ptsec. Hence,
initially the thermal neutron counts shown in figure 4-1 are coming
from both prompt and delayed neutrons, but after a few msec (2000
[tsec) they will be predominantly due to delayed neutrons.
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Figure 4-1. Neutron die-away characterization for a 100 Jisec 14 MeV
pulse (Gozani 2002).

4.2 ADVANTAGES AND DISADVANTAGES OF PULSED 14 MEV NEUTRON
SOURCES.

The pulsed source delayed neutron approach has a major advantage over
a continuous source approach in that much higher HEU signal to noise
ratios can be produced per source particle. The reason for this is
that when using a continuous source, neutrons from the source tend to
strongly interfere with the fission neutrons produced by the presence
of HEU. There will still be some noise when counting delayed
neutrons from two sources: background neutrons induced by cosmic rays
and non-fissile radioisotope production that decays by neutron
emission. However, the pulsed source delayed neutron approach will
have a significantly lower limit of HEU detection compared to the
continuous source method.

Neutrons can be produced either by the use of an ion accelerator or
continuous source. An example of a continuous neutron source would
be 98Cf 252 . Ion accelerators have the advantage over continuous
sources in that they require no shielding when not in use. Their
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main disadvantage is that they require access to large amounts of
power in order to produce the high outputs that would be needed for
HEU detection applications.

Accelerators or neutron generators are commercially available, which
produce both 2.4 MeV and 14.3 MeV neutrons. Generators make 14 MeV
neutrons by accelerating deuterium nuclei (deuterons) into a target
material, which contains tritium. For deuterium and tritium nuclei
to interact, the deuterons are accelerated through a potential drop
of over 200 kV, after which they have acquired sufficient kinetic
energy to overcome the coulombic repulsive force due to the positive
charge of both nuclei. The nuclear reaction, which occurs, is as
follows:

ID2 + 1T3 -- 2(4 + 0ni (4.1)

This reaction is highly exothermic and produces on average a 14.3 MeV
neutron, which is emitted nearly isotropically (Csikai 1987).
Another possible way to produce neutrons in an accelerator is to use
the following reaction between two deuterons:

1D 
2  + 1D2 --> 0n' + 2He 3  (4.2)

This reaction is also exothermic and produces a 2.45 MeV neutron.
However, the cross section for this reaction is nearly one hundredth
of that of the D-T reaction. Thus, neutron generators that use the
D-T reaction have a neutron yield approximately 100 times that as
neutron generators, which employ the D-D reaction. For this reason
D-T (14 MeV) neutron generators are superior to D-D (2.45 MeV)
neutron generators.

Another advantage 14 MeV neutrons have over lower energy neutrons is
that the number of prompt and delayed neutrons released per fission
increases with increasing neutron energy that induces the fissioning.
A 14 MeV neutron produces approximately 0.025 delayed neutron per
fission, while 98Cf 252 self-fissioning neutron releases about 0.017
delayed neutrons per fission (Keepin 1965). Also the fission
microscopic cross section is higher for 14 MeV neutrons (2.05 b) than
for 98Cf 252 self-fissioning neutrons (1.27 b) in U235 . Both these
effects improve the method's HEU detection capability.

In order to make neutron stimulation feasible, the half-lives of the
radioisotopes produced from the container materials need to be short,
so that the cargo's radioactivity will quickly return to near
background levels and meet Department of Transportation (DOT) and
Nuclear Regulatory Commission (NRC) regulations for release. An
important characteristic of 14 MeV irradiations is that it produces
isotopes with significantly shorter half-lives than that which would
be induced by material irradiated with lower energy neutrons. For
example, Cu63 (69.1% of naturally occurring copper) when irradiated
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with thermal neutrons undergoes radiative capture and produces Cu64

which has a 12.87 hour half-life. However, Cu 63 when irradiated with
14 MeV neutrons undergoes a (n,2n) reaction to produce Cu 62, which
has a 9.8 minute half-life (Alfassi 1990). A more detailed
discussion of this activation problem is provided in section 8.

4.3 AVAILABILITY OF PULSED 14 MEV NEUTRON SOURCES.

Neutron generators are available from a wide variety of commercial
and government sources. While not meant as a definitive list, table
4-1 lists five potential sources that from which a pulsed 14 MeV
neutron generator could be procured. The first two listed (Thermo MF
Physics and Chapel Hill Logging Services) are US commercial vendors.
The next two listed (Halliburton and Schlumberger) are large oil
service companies that produce neutron generators for well-logging
applications. The final name is a Russian organization, which
markets neutron generators internationally. As a general rule, the
maximum output of pulsed generators from these vendors is
approximately 3 x 108 neutrons/sec with the exception of the Russian
organization, which claims it can deliver a pulsed neutron generator
with a yield of 1010 neutrons/sec. If these generators run in a
continuous mode, then their maximum output is 1011 neutrons/sec.

Table 4-1. Potential pulsed 14 MeV neutron generator procurement
sources.

Organization Address/phone number Comment
Thermo MF Physics 5074 List Drive Commercial vendor

Colorado Springs, Co 80919
719-598-9549

Chapel Hill Logging PO Box 7 Commercial vendor
Services Chapel Hill, Texas 77426

979-251-2912
Haliburton Energy PO Box 60078 Generators designed for
Services Houston, Texas 77205 well-logging applications

281-871-7276
Schlumberger PO Box 14484 Generators designed for

Houston, Texas 77221 well-logging applications
713-749-5835

All Union Research Moscow 101000 USSR Government source
Institute of Central Post Office
Automatics PO Box 918

1 _ _ 1 258-12-68 1_1

4.4 DETERMINISTIC ANALYSIS.

In a pulsed source approach each cycle consists of three components:
neutron pulse, prompt neutron dissipation, and counting. The neutron
detector is gated off while the source is pulsing and the prompt
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neutrons dissipate and are gated on in order to count the delayed
neutrons. The schematic in figure 4-2 shows this process for the
first two cycles.

1st Cycle 2 nd Cycle

td t:t

Detector gated off Detector Detector gated off Detector
gated on gated on

Figure 4-2. Schematic representation of time intervals in a pulsed
neutron system approach.

In figure 4-2 the total cycle time is given by the equation:

tcyc = tp + td + tc (4.3)

where
tcyc = total cycle time, sec
tp pulse time, sec
td : prompt neutron dissipation time, sec
t = count time, sec

Equation 4.3 neglects the transit time needed between each cycle.
The following assumptions and conditions were made in the first part
of the deterministic analysis:

(1) constant pulse rate of d neutrons/sec;
(2) isotropic 14 MeV source;
(3) neglect the effects of neutron moderation on the

source neutrons (i.e. 14 MeV neutrons interact
with the HEU);

(4) 1 kg of HEU located at a distance r, from the
source;

(5) 1 group delayed neutron theory applicable;
(6) all prompt neutrons have dissipated while

counting;
(7) ONDAC neutron detector located at a distance r 2

from the HEU;
(8) HEU isotopic composition is 100% U235.

Figure 4-3 is a schematical representation of the deterministic
model.
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Figure 4-3. Schematic representation of the major aspects of
components in the deterministic model.

The total number of 14 MeV neutrons/cm2 or fluence (4O) that can reach
the surface of the HEU sphere during a pulse of duration tp is given
by equation (4.4):

0-Q tp
02

47crr (4.4)
where

Q : 14 MeV neutron pulse rate, neutrons/sec
tp = pulse duration, sec
r = distance the 14 MeV source is from the HEU, cm

The total number of fissions in 1 kg of HEU can be found by the
equation:

F = E V (4.5)
where

F = total number of fissions in 1 kg of HEU in tp
Y- = HEU macroscopic fission cross section, cm-1

V = 1 kg HEU volume, cm3

= 14 MeV fluence which interacts with the HEU, n/cm2

In order to evaluate equation (4.5), the volume of a 1 kg sphere of
HEU was taken to be 53.9 cm3 based on using a HEU density of 18.55
gram/cm3 . The 14 MeV HEU macroscopic cross section was determined
from the equation:

71 = NHEUta = 0.097cm-1  (4.6)
where

NHEU = HEU 1024 atom density, 0.047 per cm3

af = 14 MeV microscopic fission cross section of HEU,
2.046 b (Hansen, 1979)
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The 14 MeV fluence that interacts with the HEU (4) was found by
correcting the surface fluence (4o)) for self-absorption within the
HEU, which results in a lower average fluence across the HEU than
that seen by its surface. Since HEU has a high absorption cross
section compared to its scattering cross section, diffusion theory
doesn't apply, and the neutron fluence should decrease exponentially
from the surface of the HEU sphere (LaMarsh 2001). This effect was
estimated by exponentially adjusting the surface fluence with an
exponent that was the ratio of the neutron mean chord length to
neutron mean free path within the HEU sphere. Thus the average
neutron fluence was found from the equation:

0= : e (4.7)
where

4 = average fluence within HEU sphere, n/cm2

= fluence at HEU surface and found by equation 4.4, n/cm2

S= mean chord length traveled by neutrons crossing the
HEU sphere, 3.09 cm

X 14 MeV mean free path in HEU, 4.49 cm (Hansen 1979)

The mean chord length for particle crossing a sphere is known to be
two thirds the diameter of a sphere (International Commission on
Radiation Units and Measurements 1983). Since a 1 kg HEU sphere
would have a diameter of 4.64 cm, the mean chord length was
determined to be 3.09 cm. Then by combining equations 4.4 through
4.7, an expression for the total number of fissions (F) in the HEU
sphere was found as follows:

F = 0.21 QtP (4.8)
2

To determine the number of delayed neutrons produced, the above F
parameter was multiplied by the delayed neutrons produced per fission
(0), which has a value of 0.025 for 14 MeV neutrons (Keepin 1965).
Hence, the initial delayed neutron production (SO) immediately
following a pulse of duration tP was calculated as follows:

0.0052 Q tP (4.9)So =
0 i2

The delayed neutron source decays and become weaker with time
following each pulse. To estimate this effect the one group kinetics
model was employed (LaMarsh 2001). Hence, the number of delayed
neutrons following a wait time t before counting after a pulse was
given by the equation:
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S(t) = Se-'* (4.10)

where
S(t) = delayed neutrons available to count after wait time t

after pulse, neutrons
So = delayed neutrons available to count initially after

pulse, neutrons
S = HEU one group delayed neutron decay constant, 0.076

seconds-
1

t = wait time following pulse before counting, seconds

In order to calculate the interactions these delayed neutrons would
make with the ONDAC, its intrinsic efficiency, the geometrical
efficiency, and the following additional assumptions were combined:

(1) no cargo in the container between the HEU and the ONDAC
detector;

(2) delayed neutrons emitted monoenergetically with an energy
of 0.5 MeV;

(3) delayed neutrons emitted isotropically.

The intrinsic efficiency (6i) of the ONDAC detector is defined as
follows:

total detector counts (4.11)
total neutrons incident on detector

For a 0.5 MeV neutron, the ONDAC intrinsic efficiency has been

calculated to be 0.26 (Millett 1997). The geometrical efficiency (6g)
of the ONDAC detector is given by the equation.

surface area of the He-3 tubes in ONDAC
g = 4i�2 (4.12)

where
r2 distance between the HEU and the ONDAC detector

The total ONDAC detector counts per minute (CPM) was then found by
combining equations (4.9) through (4.12) and adjusting this result
for the fraction of time counting occurs during each cycle (fd) and
the number of cycles per minute (f). The resulting equation had the
form:

CPM = (0.0052tp A fet (4.13)
2 47rr 2

where
CPM = count rate in the ONDAC detector
Q = 14 MeV neutron pulse rate, neutrons/sec
tp = pulse duration, sec
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r = distance the 14 MeV source is from the HEU

i = ONDAC detector efficiency, .26
r2 = distance ONDAC detector from HEU, cm
AONDAC = surface area of all nine He 3 detectors in ONDAC, 900

cm
2

= fraction of delayed neutrons that are counted in a
cycle, tc/tcyc

f = cycles per minute, 60/tcyc
t = wait time following pulse before counting, seconds

2. : HEU one group delayed neutron decay constant,
0.076 seconds-'

Inserting the known numerical constants into equation (4.13) gave the
equation used to estimate the ONDAC counts per minute (CPM):

CPM = 5.784Qtpfdf& (4.14)
r12 2

Equation (4.14) shows that the CPM will decrease as the fourth power
of the distances between the HEU and the source and the HEU and the
ONDAC.

Figures 4-4 through 4-7 demonstrate the effect on the maximum ONDAC
detector counts per minute (CPM) by varying the count time in a 14
MeV pulsed source neutron detection system using equation (4.14)
while holding both pulse width and dissipation time constant. In
figures 4-4 through 4-7, the distance from both the source and the
HEU to the ONDAC detectors has been fixed at 100 cm with the pulse
source strength 1011 neutrons per second. Each figure also displays
both the ONDAC background counts that would be encountered due to
cosmic ray neutrons as well as the maximum ONDAC count rate. As
discussed later in the subsection, this maximum CPM occurs after the
source has been cycled a large number of times. The background count
figures are based upon the ONDAC field test conducted at LANL, which
determined that the background level was 180 counts per minute.
(Murphy 1999).

The results in these figures are based on pulsing a source for a set
period of time (tp), then waiting 4 msec for the prompt neutrons to
dissipate (td), and then finally counting the delayed neutrons for a
set time period (t,) . The horizontal axis in figures 4-4 through 4-7
displays count time in milliseconds, while the vertical axis displays
the maximum ONDAC detector counts per minute. In figure 4-4, the
pulse width is 5 msec, while it increases to 10 msec, 15 msec, and 20
msec in figures 4-5, 4-6, and 4-7 respectively. The 4 msec
dissipation time is held constant in all figures.

Figures 4-4 through 4-7 indicate that the ideal count time (t,) is
nearly equal to the pulse time (tp) being used. For example in figure
4-7 the maximum ONDAC count rate is approximately 1200 CPM, which
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occurs when count time and the pulse width are both 20 msec. This
result is due to the fact that when a count time greater than the
pulse time is used fewer particles are counted because less time is
available to pulse the source, while using a count time shorter than
the pulse time results in fewer particles being counted because the
count time is too short.

-4 Counts per minute
-U-- Background Counts per Minute

900

Q: 101neutrons per second (Source
700 Strength)

Stp: 5ms (Pulse time)WO t.: 4ms (dissipation time)

. r: 100cm (distance from ONDAC and source

50to HEU)
0

1 400

300-

z0

100 - ..,

0 20 40 60 80 100 120

Count Time (millisec)

Figure 4-4. Effect of varying detector count time with a 5 ms pulse
width on counting delayed neutrons from a 14 MeV pulsed
source with an ONDAC detector. ONDAC background count
rate also shown.
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Figure 4-5. Effect of varying detector count time with a 10 ms pulse
width on counting delayed neutrons from a 14 MeV pulsed
source with an ONDAC detector. ONDAC background count
rate also shown.

66



- Counts per minute -U- Background Counts per Minute

Parameters held Constant

1200 Q: 10 11 neutrons per second (Source1200

Strength)
tp: 15ms (Pulse time)

1000 t.: 4ms (dissipation time)

r: I100cm (distance from ONDAC and
S~source to HEU)

t.)600 77

0• 400

z
0

200

C
0

0 20 40 60 80 100 120

Count Time (millise¢)

Figure 4-6. Effect of varying detector count time with a 15 ms pulse
width on counting delayed neutrons from a 14 MeV pulsed
source with an ONDAC detector. ONDAC background count
rate also shown.
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Figure 4-7. Effect of varying detector count time with a 20 ms pulse
width on counting delayed neutrons from a 14 MeV pulsed
source with an ONDAC detector. ONDAC background count
rate also shown.
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Figure 4-8. Effect of varying detector pulse width with a 14 MeV
source on an ONDAC detector. ONDAC background count
rate also shown.

Under conditions similar to figures 4-4 through 4-7, the effect of
varying the pulse width from 0 to 100 msec while keeping the count
time fixed at 10 msec was next studied. The result of this analysis
is shown in figure 4-8. Figure 4-8 shows that the maximum ONDAC
count rate was found to occur also when the pulse width equals the
count time. Based on the results in figures 4-4 through 4-8, it was
next decided to analyze the pulsed system under the condition that
the count time is held equal to pulse time, while varying other
parameters.
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Figure 4-9. Effect of varying source neutron emission rate on
counting delayed neutrons from a 14 MeV pulsed source
with an ONDAC detector along with ONDAC background
count rate.

Shown in figure 4-9 is the effect of various neutron source strengths
on the maximum ONDAC count rate based upon equation 4.14 with
parameters similar to those used in figures 4-3 through 4-8.
Parameters held constant in this figure are the pulse width and count
time (10 msec), the dissipation time (4 msec), and the distance from
the central ONDAC and the 14 MeV source to the HEU (100 cm). The
ONDAC background count rate is also shown in figure 4-9, which was
calculated to be 75 counts per minute. As can be seen, the maximum
ONDAC count rate doesn't significantly exceed this background count
rate until the 14 MeV source neutron emission rate is 1011
neutrons/second. For comparison purposes the maximum 14 MeV source
strengths currently commercially available of 3 x 108 neutrons/second
for a pulsed source (Haliburton 2002) and 1 x 1011 neutrons/second
for a continuous source (Thermo MF Physics 2002) are also shown in
figure 4-9.

Figure 4-9 indicates that current commercially available 14 MeV
neutron generators are not likely to be adequate for external neutron
stimulation applications. However, recent research at Lawrence
Berkley National Laboratory (LBNL) has shown strong promise in
developing a coaxial and radiofrequency driven compact 14 MeV
generator with neutron outputs of 1012 and higher (Ka-Ngo 2002). LBNL
also indicated that these generators can be run in either the pulse
or continuous mode. Additionally, such generators would have a long
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tube lifetime and a fast fall-off time, which would be very desirable
for pulsed operations. Thus it appears to be technically feasible to
build a neutron generator with sufficient yield to make the neutron
stimulation approach workable.
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Figure 4-10. Effect of varying distance of source and detector to HEU
on counting delayed neutrons from a 14 MeV pulsed source
with an ONDAC detector. ONDAC background count rate
also shown.

Figure 4-10 is a graph of the effect of ONDAC distance on a pulsed
neutron detection system based on equation 4.14. Parameters held
constant in this figure include the neutron source emission rate (1011
neutrons/second), pulse width and count time (10 msec), and
dissipation time (4 msec). In figure 4-10, the distances to the 14
MeV neutron source and the ONDAC detector from the HEU are assumed
equal. As can be seen by equation (4.14), the maximum ONDAC count
rate will decrease as the one-fourth power of this distance. Figure
4-10 shows that in this case, the maximum ONDAC count rate approaches
the background count rate at a distance of 175 cm. To make the
stimulation approach practical to detect HEU at even larger
distances, several system modifications would be needed. These
modifications include increasing the source strength, placing
multiple sources and detectors around the container, and/or employing
a moveable detection system that could be designed to scan the
container both vertically and horizontally.
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Figure 4-11. Effect on detector CPM of equal pulse widths and count
times up to 35000 msec (35 seconds) on counting delayed
neutrons from a 14 MeV source with an ONDAC detector.
ONDAC background count rate also shown.

Figure 4-11 shows the effect on the maximum ONDAC count rate for
equal pulse width and count times up to 35000 msec or 35 seconds.
Parameters held constant in this figure include source strength (1011
neutrons/second), dissipation time (4 msec), and distance of the
source and ONDAC from the HEU (100 cm). Figure 4-11 shows that the
maximum ONDAC count rate occurs at approximately 2000 msec (2
seconds) pulse width and count time. This result is due to the fact
that under these conditions neutron dissipation time is small
compared to the pulse time, but count time is short enough that a
significant fraction of the delayed neutrons have not decayed. This
last statement can be explained by using one group theory. In this
theory, the delayed neutron emission rate decreases exponentially as

d given by equation (4.10). It is recognized that this equation is not
exact, but a first order approximation since it neglects decay of
delayed neutrons during the pulse. As can be seen by equation
(4.10), that when the pulse time and count time become large (i.e.
greater than 10 seconds), then a significant fraction of the delayed
neutrons will decay out by the end of the count time, which will in
turn reduce the maximum ONDAC count rate achievable.
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4.5 MCNP ANALYSIS.

The MCNP analysis was performed in two parts to determine the number
of interactions in the ONDAC detector per source particle. In the
first part, MCNP determined the gain in prompt fission neutrons per
14 MeV source particle by fissioning in the HEU. This result was
then multiplied by the delayed neutron fraction (3), which was taken
to be 0.0065 (LaMarsh 2001). In the second part, the interactions
per delayed neutron source particle were found with the ONDAC
detector. In this part, the source energy was taken to be that which
is characteristic of delayed neutrons and the source location was
that of the HEU in the container. The overall ONDAC interactions per
14 MeV source particle was then found by multiplying the results of
the two parts together.

The MCNP cases for the second part were first evaluated using a
monoenergetic source energy of 0.5 MeV, as this approximation was
suggested by Keepin (Keepin 1965). However, since delayed neutrons
are not all emitted at a single energy, two published polyenergetic
spectra were studied (Burgy 1946, Batchelor 1956 and Bonner 1956).
The probability of a neutron being emitted was divided into five bins
for each spectrum and is shown in figure 4-12.
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Figure 4-12. Delayed neutron probability distribution over five
energy bins by Batchelor and Bonner and by Burgy.

The energy shown on the x-axis is the upper limit of the energy bin
in MeV (i.e. 0.1, 0.4, 0.9, 1.4, 3). Hence the probability that a
delayed neutron is emitted between 0.1 MeV to 0.4 MeV is 0.39 for
Batchelor and Bonner, which is modeled in a darker color, and 0.30
for Burgy, which is modeled as the lighter color. The sum of the
probabilities in all five bins equals one in both distributions. The
average energy for each spectrum was found with equation (4.15) and
the result is given in table 4-2.

5

_____ •=(4.15)

5

i=1
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where
E = spectrum average energy, MeV
Ei = average energy in the ith bin, MeV
Pi probability of the delayed fission neutron (DFN) being

emitted in the ith bin
5

Z = summation over five energy bins in each spectrum
i=1

Table 4-2. Average energies for the Batchelor, Bonner, and Burgy
energy spectra.

Spectrum Spectrum
Average Energy (MeV)

Batchelor and Bonner 0.575
Burgy 0.713

From table 4-2 Batchelor and Bonner's representation predicts delayed
neutrons being emitted at lower energies, compared to the Burgy
model. Thus, two MCNP cases were run with neutrons assumed to be
monoenergetic with first the Batchelor and Bonner average energy and
then the Burgy average energy shown in table 4-2. Additionally, two
MCNP cases were run using the two polyenergetic spectra in order to
test if this difference would have a significant impact on the model
results. Including the initial tests run with monoenergetic neutrons
at 0.5 MeV, a total of five cases were developed.

The results of these five cases are shown in figure 4-13. Figure 4-
13 lists the different source energies analyzed using MCNP and the
number of interactions per source particle in the center ONDAC
detector. The numbers of interactions per source particle are
plotted as a single point with 3-a error bars based on the MCNP
statistical relative error as given by equation (2.3). Figure 4-13
shows that the number of interactions in the center ONDAC detector
per source particle varied insignificantly with the different
spectra.
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Figure 4-13. Interactions per source particle in center ONDAC
detector versus source energy for five energy
spectra analyzed with shipping container filled with
air.

Table 4-3. Summary of five energy spectra MCNP computer run time and
relative error.

Energy Monoenergetic Polyenergetic Polyenergetic Monoenergetic Monoenergetic
Spectrum Keepin Burgy Batchelor and Burgy Batchelor and

Bonner Bonner
Energy 0.5 Spectrum Spectrum 0.713 0.575
Strength
(MeV)
Particle 5.09x10 8  6.85 x10' 5.49 x10' 6.65 x10' 5.51 xl0'
Histories Run
Computer 1924 2639 2126 2388 2013
Run Time
(min)

Relative 0.87 0.77 0.85 0.79 0.86
Error (%)

Particle 2.65x 105  2.60x 10' 2.58x10 5  2.78x 10 2.73xl05
History Per
Minute Run
Time
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Table 4-3 is a summary of the five energy spectra with their MCNP
computer run time, number of particle histories run, particle
histories per run time, and relative error. For each spectrum
approximately 5x10 8 particle histories were run before thirty
particles were lost and the MCNP calculations ceased. As can be seen
in table 4-3, the relative error is very low (less than 1%) and
approximately the same for all spectra. However, since the particle
history per run time was highest for the monoenergetic Burgy
spectrum, this spectrum was chosen for container analysis with and
without cargo. This analysis is presented in the next section.

4.6 COMPARISON OF THE DETERMINISTIC AND MCNP METHODS.

The deterministic method, which is given by equation (4.14), was
evaluated under the same conditions as MCNP and the results compared.
For convenience, equation (4.14) is repeated below:

5.784QtP ffet (4.14)CPM = 2

In this comparison the 14 MeV source was located 153.14 cm from the
HEU (rj), the HEU was 159.64 cm from the ONDAC detector (r 2 ), one
neutron was emitted in the pulse time (i.e. Q tp =1), the fraction of
delayed neutrons counted was assumed to be unity (fd =1), CPM term on
the left hand side of equation (4.14) was divided by the number of
cycles per minute (f) to yield the total number of ONDAC counts, and
the wait time following the pulse before counting was taken to be
zero seconds (t=0). Under these conditions, equation (4.14) reduces
to the following equation, which yields a value of 1.63 x 10-°:

5.784C = 5. 84= 1. 63 x 10-10(153.14)2(159.64)2 (4. 16)

where
C number of ONDAC counts per 14 MeV source particle

By comparison, the MCNP simulation produced a value of 1.29 x 10-10
ONDAC counts per source particle, which represents an approximate 21%
difference in the two methods. Given the numerous assumptions in the
deterministic method, this percent difference was considered
satisfactory and served to validate both methods.

4.7 RECOMMENDATIONS FOR OPERATING PARAMETERS AND MINIMUM PULSE RATE.

The problem of cyclic irradiation with an isotropic neutron source
and counting delayed neutrons has been previously analyzed to
determine the combination of pulse time, count time, and optimum
number of cycles to produce the maximum detector counts for a given
irradiation time (Alfassi 1990; Spyrou 1982; MacMurdo 1977). In the
Alfassi analysis, it was determined that one would want the count
time and pulse time equal, which was the same conclusion that this
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project reached as described in section 4.4. Another variable that
these studies found important in producing the maximum number of
counts is the transit time, which is the time between the end of one
cycle and the beginning of the next cycle. The transit time will be
dependent upon two factors: (1) the electronic gating time between
the detector and 14 MeV accelerator and (2) the time it takes to ramp
up and shutdown the voltage in the accelerator. Assuming a 0.25
second transit time and a dissipation time equal to this transit time
and a 300 second total examination time, Spyrou concluded that 2.43
second irradiation and count times and 56 cycles would produce the
maximum number of net counts. Under similar conditions, MacMurdo and
Bowman recommended 3.36 second irradiation and count times and 42
cycles to maximize the net counts.

The maximization of the signal to noise ratio is also very important
in cyclical activation, where the noise is due to background counts.
Since the background counts decreases linearly with the number of
cycles, the maximization of the signal to noise ratio leads to a
larger number of cycles than when considering only net counts
(Alfassi 1990). For the case of equal irradiation and count time,
the signal to noise ratio was found to be a maximum when these times
are 1.81 times the half-life for the delayed neutrons (Binney 1978).
For the case of 0.25 second transit time, Binney indicated that the
main contribution will be from delayed neutrons with a 2.1 second
half-life. In this case, the optimum count time would be 3.80
seconds. Since all three of these pulse and count times (i.e. 2.43,
3.36, and 3.80) are close to the maximum ONDAC CPM of 2.0 seconds
shown in figure 4-11, it was decided to simply average all four
approaches together. This resulted in a 2.9 second pulse and count
times being chosen. With this value of count and pulse times, the
300 second total examination time would then consist of 48 cycles.
Table 4-4 summarizes the final recommended operational conditions for
examining a shipping container with a pulsed 14 MeV neutron source
and counting the delayed neutrons.

Table 4-4. Recommendations for operational conditions to be applied
when examining shipping container with pulsed 14 MeV
neutron source and counting delayed neutrons.

Parameter Value
Total examination time 302.4 seconds
Pulse time 2.9 seconds
Count time 2.9 seconds
Dissipation time 0.25 seconds
Transit time between 0.25 seconds
cycles
Total number of cycles 48
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Figure 4-14 displays the results of applying equation (4.12) for the
worst-case scenario, using the parameters given in table 4-4 for a
container with dimensions of the benchmark facility (i.e.
approximately 600 cm in the lengthwise direction, 240 cm in the
vertical and width directions) and three ONDAC detector positioned as
described in section 2.1 (i.e. lengthwise at coordinates -200 cm, 0
cm, and +200 cm). In the worst case scenario, the HEU would be
located within the container such that the ONDAC would have the
minimum number of counts. This worst-case condition would place the
HEU at either the bottom or top of the container, midpoint lengthwise
between two of the ONDACs, at the midpoint widthwise, and have the
HEU distance from the 14 MeV source equal the HEU distance from the
ONDAC detector (rl= r 2 ) . In this case it was calculated that the HEU
would be at a distance of 197 cm from one of the three ONDAC
detectors as well as that same distance from the pulsing source.
Also shown in figure 4-14 is the background ONDAC count rate, which
has been calculated to be 83 CPM. As can be seen, a pulsed source
rate 1012 neutrons/sec would produce an ONDAC count rate of slightly
over 800 CPM or ten times the background count rate. Consequently
after 5 minutes, one would expect to average over 4000 ONDAC counts
with 1 kg HEU present and 400 counts without HEU present. Recently a
study has been completed on the cosmic ray background using He3

detectors (Dirk 2002), which found it to vary by a factor two between
many different locations in the Washington-Annapolis area. Thus, a
high count rate in the ONDAC detector due to the presence of fissile
material in the container can easily be distinguished from background
variations.
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Figure 4-14. Effect of varying source neutron emission rate to detect
HEU for worst case scenario in the benchmark facility
when using three ONDAC detectors that are located at
lengthwise coordinates -200 cm, 0 cm, and +200 cm and
using operational parameters given in table 4-3.

4.8 CONCLUSIONS.

The analysis in this section shows that using a pulsed 14 MeV source
and counting delayed neutrons is technically feasible to detect 1 kg
in a large shipping container. However, to accomplish this, a 14 MeV
neutron generator with a yield of 1012 neutrons/sec and an examination
time of 5 minutes would be needed. These conclusions are based on
the container having no cargo. In the next section, the effect of
cargo material on the ONDAC signal is examined.
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SECTION 5

EFFECT OF PAYLOAD WITHIN CONTAINER

This section will outline which types of cargo were studied, how they
were modeled, and the results they yielded. Section 5.1 contains a
description of how the benchmark MCNP model is modified by the
presence of cargo. Numerical and graphical results are given in
sections 5.2 and 5.3. Within these sections further analysis is
conducted to ensure the results are consistent with the nuclear
characteristics of each cargo material's constituents. Section 5.4
evaluates interference delayed neutron reactions. The effect of
hydrogen within the cargo is examined in section 5.5. Overall
conclusions on the effect of payload are given in section 5.6.

5.1 DESCRIPTION OF ADDING CARGO TO MCNP MODEL.

The detection of SNM, in particular HEU, must be possible with
different types of cargo present in the container. This study
examined six separate cargos, including lead, aluminum, iron,
alcohol, cotton, and air (no cargo). An extra material card was
added to the MCNP input file that specified the cargo's elemental
composition and the atom fraction associated with each element. Then
each of the eighty cargo drums was filled with the cargo material,
and the material's density was specified in the cells that
represented these drums. Two cases of each material were run; the
first was from the 14 MeV neutron source to the HEU, and the second
was from the HEU to the ONDAC detector. The second part of the study
was conducted using a 0.713 MeV monoenergetic neutron source to model
the polyenergetic delayed neutron source, for reasons that were
discussed in section 4.5. To provide consistency throughout the
study, there were several fixed conditions. First, in each cargo
case run, the 14 MeV source location was fixed (at x = z = 0 and y =
-312.8 cm) which placed it just outside the container, but on the
opposite side from the ONDAC detector. Second, the HEU was modeled
as the delayed neutron source at x = z = 0 and y = -159.6 cm which
placed it in the center of the container in air that stood between
the cargo drums. Additionally, the ONDAC detectors were located at a
fixed position between each case run, with the center ONDAC located
at the origin of the coordinate system (i.e. x = y = z = 0). Each
case was run with a single homogeneous cargo material and the number
of particles varied from 6.0E+07 to 1.0E+09.

The materials modeled as cargo have a variety of densities and atomic
mass numbers. This was purposely constructed in order to gain an
understanding of the effect of different atomic weights on the number
of ONDAC interactions. For a mixture of cargo materials, it is
expected that ONDAC predictions could be made by weighting the
different homogeneous cargo results together.
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5.2 NUMERICAL MCNP CARGO RESULTS.

A numerical summary of the results is included in table 5-1, while
radiative capture, neutron producing reactions, and mean free paths
that occur in the cargo material are given in table 5-2. Table 5-2
was constructed from the MCNP output in order to explain the table 5-
1 results. In the first two columns of table 5-1, the neutron gain
by fissioning in HEU per 14 MeV source particle and the delayed
fission neutrons produced per 14 MeV source particle for each of the
six payloads are compared. Columns three and four compare the
interactions in the center ONDAC detector per delayed neutron source
particle and per 14 MeV source particle. The last column was obtained
by multiplying the results of columns two and three together. The
first two columns in table 5-2 gives the sum of radiative capture in
all eighty cargo cells for the 14 MeV source and the 0.713 MeV
delayed neutron source particles for each cargo material. The third
column lists the sum of the neutron gain from (n,xn) reactions per 14
MeV source particle in all the cargo cells. MCNP tallied these
reactions by constituent for each cell listed in the model. The
values of the sum of the gain of neutrons from the (n,xn) reactions
were calculated by adding the gain from each material element in all
80 cargo cells. Columns four and five of table 5-2 compare the mean
free path length (in centimeters) for both the 14 MeV source particle
and the 0.713 MeV delayed neutron source particle for the various
cargo materials. Since the mean free path will vary slightly with
neutron location across the container, the values shown in table 5-2
were obtained by averaging the mean free path over all 80 cargo
cells.

Table 5-1. Numerical summary of MCNP cargo analysis.

Neutron Gain by Delayed Fission Interactions in Interactions in
Fissioning in HEU Neutron Produced Center ONDAC per Center ONDAC per

Cargo per 14 MeV Source per 14 MeV Source per Delayed Neutron 14 MeV Source
Material Particle Particle Source Particle Particle

Air 6.26E-05 4.07E-07 3.16E-04 1.29E-10
Aluminum 6.57E-05 4.27E-07 6.87E-04 2.93E-10
Iron 3.93E-05 2.56E-07 3.67E-04 9.40E- 11
Alcohol 1.48E-05 9.60E-08 9.28E-07 8.89E-14
Cotton 8.90E-05 5.79E-07 6.79E-04 3.93E-10

Lead 2.31E-04 1.50E-06 6.17E-04 9.22E-10
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Table 5-2. Summary of nuclear interactions and mean path lengths for
different cargo materials.

Sum of Radiative Sum of Gain from Mean Free Path
Capture per Source (n,xn) Reaction per Length by Source

Particle in all Cargo Cells 14 MeV Source Energy (cm)
Cargo Delayed neutrons Particle in All Cargo Delayed Neutrons
Material 14 MeV (0.713 MeV) Cells 14 MeV (0.713 MeV)
Air 0.001 0.000 0.000 12400.00 8720.00

Aluminum 0.090 0.143 0.006 12.55 13.26

Iron 0.109 0.553 0.094 7.70 7.94

Alcohol 0.267 0.971 0.000 2.09 0.51

Cotton 0.021 0.065 0.000 121.00 21.101

Lead 0.031 0.190 0.287 3.30 3.23

5.3 GRAPHICAL ANALYSIS OF MCNP RESULTS.

Figures 5-1 through 5-8 are a graphical analysis of the MCNP results
given in tables 5-1 and 5-2. All of the data in Figures 5-1 through
5-8 have been constructed using error bars equivalent to three-sigma.

The value of one-a uncertainty is calculated through equation (5.1).

r = 7 = J2 + r2(
-i+ r2 (5.1)

where
r = MCNP relative error (one-(a uncertainty)
rl = relative error in MCNP output for 14 MeV neutron

source to HEU
r2 relative error in MCNP output for HEU to ONDAC

The three-(a uncertainty error bars in the figures were found by
equations (5.2) and (5.3):

Rupper limit = R(l + 3r) (5.2)

Rlower limit - R(1-3r) (5.3)
where

Rupper limit - upper limit of the three-a uncertainty
Rlower limit - lower limit of the three-a uncertainty
R Output value from MCNP tally

The three-a uncertainty ranged from 0.072 to 0.191 for all cargo
materials studied except for alcohol. In fact, the low interaction
rate in the case of alcohol with the ONDAC detectors produced a high
uncertainty. In this case, Rlower limit became negative, but was set
equal to zero as there can't be negative interactions.
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5.3.1 Neutrons Gained by Fissioning.

The neutrons gained by fissioning in the HEU per 14 MeV source
particle for various cargo materials is graphed in figure 5-1.
Surprisingly, it shows that the lead has the highest value
(2.31 x 10-4), making it the most easily detected cargo material. It

was followed by cotton, aluminum, air, iron, and alcohol, in
descending order. Lead had the highest value due to the large amount
of neutrons gained from (n,xn) reactions per 14 MeV source particle
(0.287) which can be seen in the middle column of table 5-2, or
graphically in figure 5-2. The neutrons gained from (n,xn) reactions
in air, alcohol, and cotton are shown as zero because MCNP tallies
found that no neutrons gained from this reaction in 109 particle case
histories. By comparison, lead gained more than three times the
amount of neutrons from (n,xn) reactions compared to iron, and almost
fifty times as many neutrons compared to aluminum. Subsequently,
these neutrons, which are produced relatively uniformly throughout
the container, had the possibility of interacting with the HEU and
increasing the neutron gain by fissioning per 14 MeV source particle.

Iron was the other cargo material besides lead that produced neutrons
from (n,xn) reactions (0.094). However, as seen in table 5-2, 14 MeV
neutrons also have a high probability to undergo radiative capture in
this cargo (0.109). As a result, fewer neutrons are produced by
fissioning in iron compared to other cargo materials except alcohol.
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Figure 5-1. Neutron gain by fissioning in HEU per 14 MeV source
particle for various cargo materials.
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Figure 5-2. Neutron gain from (n,xn) reactions per 14 MeV source
particle for various cargo materials.

5.3.2 Radiative Capture with 14 MeV Neutrons.

The fact that alcohol had the lowest value of the neutron gain by
fissioning from the 14 MeV source particle (1.48 X 10-) is likely due
to the fact that it had the most neutrons radiatively captured per
source particle (0.267), leaving the least amount of neutrons
available to interact with the HEU. A graph of the sum of neutrons
radiatively captured per 14 MeV source particle for each cargo case
run is included in figure 5-3. As can be seen, air, cotton, lead,
and carbon had the least amount of neutrons radiatively captured per
14 MeV source particle.

Table 5-3 gives the radiative cross-section (KAERI 2002) of the cargo
materials with 1 MeV neutrons and 14 MeV neutrons, which was
developed in order to compare the MCNP results to material
characteristics. The macroscopic radiative capture cross section in
table 5-3 was found from the equation:

Fy= NcTy (5.4)
where

Ey macroscopic radiative capture cross section, cm-

N = material atom density, 1024 atoms /cm3

A microscopic radiative capture cross section, barns
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The data shows that cotton has the lowest radiative capture
macroscopic cross section at 14 MeV for these cargo materials, and
was consistent with the MCNP calculation shown in figure 5-3 for the
number of radiatively captured neutrons per 14 MeV source particle.
Alcohol had the next lowest radiative capture macroscopic cross
section for 14 MeV neutrons, followed by aluminum, lead, and iron.
With the exception of alcohol, these material's macroscopic radiative
cross sections correlated directly with the MCNP radiative capture
results.

To explain the high radiative capture in alcohol, the slowing down
power of each cargo material was calculated and is shown in table 5-
4. The slowing down power is found from the equation:

Slowing down power = 4Na, (5.5)
where

=: logarithmic energy decrement
N : material atom density, 1024 atoms/cm3

CF = microscopic scattering cross section, barns

Table 5-4 shows that the alcohol has a very high slowing down power
while the cotton, iron, and lead have comparatively small slowing
down powers. The slowing down power of the alcohol is over forty
times greater compared to the cotton for 14 MeV neutrons. Therefore,
the alcohol rapidly moderates the neutrons to lower energies. As the
neutrons lose energy, their radiative capture cross section
increases, which explains the high radiative capture per source
particle shown in figure 5-3 for alcohol (0.267). The high
statistical uncertainty shown is due to the smaller number of MCNP
particle history cases completed for alcohol. This happened because
the computer run time was much longer per particle history in alcohol
than the other materials studied (i.e. neutrons had a shorter mean
free path and underwent a larger number of interactions per particle
history).
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Figure 5-3. Radiative capture per 14 MeV neutron emitted to the
center ONDAC detector for various cargo materials.
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Table 5-3. Calculation of 1 MeV and 14 MeV macroscopic radiative
cross-sections for various cargo materials.

Atom Microscopic Cross Macroscopic Cross
Relative Density -Sections (barns) Section cm'1

Material Abundance (1E24 atoms/cm3) 1 MeV 14 MeV 1 MeV 14 MeV
Aluminum-

Al-27 1.00 6.02E-02 1.30E-04 5.OOE-041 7.83E-06 3.01lE-051

ALUMINUM 7.83E-06 3.01 E-05,
LeadI__________________ __________________
Pb-206 0.241 3.30E-02 7.OOE-03 1 .20E-03j 5.53E-05 9.48E-06

£Pb-207 0.221 3.30E-02 6.OOE-03 1.05E-03~ 4.54E-05 7.94E-06
Pb-208 0.524 3.30E-02 1.92E-04 1.20E-03j 3.36E-06, 2.10E-05

LEAD 1.04E-04 3.84E-05
Iron
Fe-54 0.058 8.49E-02 2.90E-03 7.95E-04 1,43E-05 3.93E-06
Fe-56 0.917 8.49E-02 2.60E-03 7.30E-04 2.02E-04 5.68E-05
Fe-57 0.022 8.49E-02 2.95E-03 7.95E-04 5.48E-06 1.48E-06
Fe-58 0.003 8.49E-02 2.70E-03 7.95E-04 7.56E-071 2.23E-071

IRON 2,23E-04 6.24E-05
Cotton _C6 H10 05)____
C 0.286 1.43E-03 1.27E-06 1.16E-04 5.18E-1 0 4.73E-08

H0.476 2.38E-03 3.50E-05 3.OOE-05 3.97E-08 3.40E-08
00.238 1.19E-03 3.02E-08 8.08E-09 8.56E-121 2.29E-12,

COTTON 4,02E-08; 8.13E-08:
Alcohol (C2 H5 OH)________________

C 0.222 2.60E-02 1.27E-06 1.16E-04 7.33E-09 6.70E-07
H 0.667 7.80E-02 3.50E-05 3.OOE-05 "1.82E-06 1.56E-06
O 0.111 1.30E-02 3.02E-08 8.08E-09 4.36E-1 1 1. 17E-1 1

ALCOHOL 1 .83E-06 2.23E-06,

89



Table 5-4. Calculation of 1 MeV and 14 MeV slowing down powers for
various cargo materials.

Logarithmic Atom Atomic Microscopic Scattering
Material Energy Density Relative Cross Section

And Atomic Decrement (xl 024) Abundance (barns) Slowing Down Power
Constituents Mass (•) (atoms/cm 3) in Material 1 MeV 14 MeV 1 MeV 14 MeV

ALUMINUM
Al 27 7.23E-02 6.02E-02 1.OOE+00 2.36E+00 6.51E-01

ALUMINUM 1.03E-02 2,84E-03

COTTON
C 6 H10 

0 s
O 16 1.20E-01 1.19E-03 2.38E-01 8.15E+00 9.54E-01 2.77E-04 3.24E-05
C 12 1.58E-01 1.43E-03 2.86E-01 2.58E+00 8.19E-01 1.66E-04 5.28E-05
H 1 1.00E+00 2.38E-03 4.76E-01 4.26E+00 6.89E-01 4.82E-03 7.81E-04

COTTON 5,27E-03 8&66E-04

ALCOHOL
C2 H5 OH
O 16 1.20E-01 1.30E-02 1.11E-01 8.15E+00 9.54E-01 1.41E-03 1.65E-04
C 12 1.58E-01 2.60E-02 2.22E-01 2.58E+00 8.19E-01 2.35E-03 7.47E-04
H 1 1.OOE+00 7.80E-02 6.67E-01 4.26E+00 6.89E-01 2.22E-01 3.58E-02

ALCOHOL 2.25E-01 3.68E-02

LEAD
Pb-206 206 9.68E-03 3.30E-02 2.40E-01 5.41E+00 2.84E+00 4.14E-04 2.17E-04
Pb-207 207 9.63E-03 3.30E-02 2.29E-01 4.88E+00 2.95E+00 3.56E-04 2.15E-04
Pb-208 208 9.58E-03 3.30E-02 5.31E-01 4.91E+00 3.00E+00 8.24E-04 5.03E-04

LEAD 1.59E-03 9.35E-04

IRON
Fe-56 56 3.53E-02 8.49E-02 9.17E-01 1.74E+00 1.21E+00 4.79E-03 3.32E-03
Fe-54 54 3.66E-02 8.49E-02 5.82E-02 3.13E+00 1.19E+00 5.66E-04 2.15E-04
Fe-57 57 3.47E-02 8.49E-02 2.19E-02 4.08E+00 1.21E+00 2.63E-04 7.81E-05
Fe-58 58 3.41 E-02 8.49E-02 3.30E-03 4.84E+00 1.20E+00 4.62E-05 1.15E-05

_IRON 5.66E-03 3.62E-03
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5.3.3 Delayed Neutron Production.

The second column of table 5-1 gives the number of delayed fission
neutron particles produced per 14 MeV source particle in HEU. These
values were calculated by multiplying the neutron gain by fissioning
in the HEU per 14 MeV source particle, found in the first column of
table 5-1 by the delayed neutron fraction, which was taken to be
0.0065 (LaMarsh 2001). The delayed fission neutron particles
produced per 14 MeV source particle are also shown in figure 5-4 for
the different cargo materials. This figure shows that lead produces
the most delayed fission neutrons (15 x 10-7) while alcohol produces
the least amount (9.6 x 10-8). This graph follows the same trend by
cargo material as figure 5-1 since the delayed neutron production is
directly proportional to the neutron gain by fissioning in HEU per 14
MeV source particle.
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Figure 5-4. Delayed fission neutrons produced per 14 MeV source

particle in HEU for various cargo materials.

5.3.4 Delayed Neutron ONDAC Interactions and Radiative Capture.

The third column of table 5-1 represents the number of interactions
in the center ONDAC detector per delayed neutron source particle.
These values are graphed in figure 5-5, and as was expected, alcohol
has the lowest interaction rate (9.28 x 10-7) because of the high
probability of neutrons that are radiatively captured in alcohol per
delayed neutron source particle. Figure 5-6 shows the radiative
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capture per delayed neutron for various cargo materials. The
radiative capture per 0.713 MeV delayed neutron source particle was
at least two times greater than the radiative capture per 14 MeV
neutron source particle for all cases examined except air. This
result is generally consistent with the data shown in table 5-3
between the macroscopic cross section for radiative capture at 1 MeV
and 14 MeV. A 1 MeV cross section was used to evaluate the 0.713 MeV
neutron because information was readily available at this energy.
The alcohol moderating effect strongly enhances radiative capture
from the delayed neutrons as table 5-2 shows that 0.971 neutrons will
undergo this reaction per delayed neutron source particle. Thus few
delayed neutrons are able to reach the ONDAC when alcohol is present
as the cargo material.

The ratio of radiative capture per source particle between 0.713 MeV
and 14 MeV neutrons is not exactly proportional to the ratio of the
macroscopic cross sections at these two energies. This is because
some elements in these materials have a low energy resonance
structure in which their values of a can vary greatly with small
changes in incident neutron energy. Thus a point comparison does not
take into consideration that the neutrons emitted from the HEU will
moderate and take on a polyenergetic spectrum as they diffuse through
the cargo container.
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Figure 5-5. Interactions per delayed neutron source particle (lE-04)
in center ONDAC detector for various cargo materials.
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Figure 5-6. Radiative capture per delayed neutron emitted for
various cargo materials.

5.3.5 ONDAC Interactions per 14 MeV Source Particle.

The final column of table 5-1 gives the center ONDAC neutron
interactions per 14 MeV source particle and is shown graphically in
figure 5-7. This figure is the most important in determining how the
center ONDAC will detect one kilogram of HEU with the different cargo
present. The values range from highest to lowest as lead, cotton,
aluminum, air, iron, and alcohol.
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Figure 5-7. Neutron interactions per 14 MeV source particle in the
center ONDAC detector for various cargo materials.

The cargo material carried in the cargo container can either enhance
or reduce the output of the ONDAC detector. In order to see how each
cargo material affects the ONDAC detector, the ratio of the

interactions in the center ONDAC detector per 14 MeV source particle

in air is compared to that of each cargo material, which is shown in

figure 5-8.
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Figure 5-8. Cargo comparisons to air by the ratio of interactions in
the center ONDAC detector per 14 MeV source particle in
air to that of each cargo material.

The ratio of one is marked by a darkened dotted line in figure 5-8.
Any material with a ratio higher than one is determined to enhance
the ONDAC output while a material with a ratio less than one is
determined to reduce ONDAC detector response. Lead had the highest
ratio (7.15), while aluminum, cotton, and carbon materials are also
considered to enhance the detector response. Iron should produce a
slightly smaller ONDAC response than air (0.73), while alcohol's
ratio (6.89E-04) was found to be significantly smaller than air.

Since lead, cotton, and aluminum have higher ONDAC interactions than
air, their presence will not impede the sensitivity of this
technique. With iron present, the ONDAC's sensitivity decreases by
approximately 27%, which shouldn't be a problem as the signal to
noise ratio of the ONDAC for air is 10:1, as discussed in section
4.7. However, clearly the technique would not work with alcohol for
the source pulse rate (1012 n/sec) and the examination time (300

seconds) proposed in section 4.7. As the ONDAC interactions would be
decreased by a factor of approximately 1450. To overcome this
problem, the neutron generator pulse rate would have to be increased

96



from 1012 n/sec to 1015 n/sec, which is likely beyond current technical
capabilities.

5.3.6 Study of Detector Distance Effect from HEU.

The MCNP code was also used to calculate the effect of distance on
the interaction rate in the three ONDAC detectors: the center
detector, and the two side detectors. The sensitivity of the ONDAC
detector should vary inversely with the square of the distance (r)
between the HEU and the ONDAC if neutron transport is occurring in a
vacuum. The coordinates of the three detectors and the HEU are
listed in table 5-5 along with their distances (r) to the HEU. The
distance between each of the detectors and the HEU was found by
applying Pythagorean's Theorem. The left and right detectors have
equal distances to the HEU. The last column in table 5-5 gives the
value of 1/r 2 for each detector. To apply the 1/r 2 rule, the value
obtained for the center detector (3.9E-05) was divided by the value
obtained for the side detectors (1.5E-05). This computation yielded
numerically that the interaction rate in the center ONDAC should be
about 2.57 times larger than the two side detectors.

Table 5-5. Cartesian coordinates of the three ONDAC detectors and the
HEU and the distances to the HEU for each ONDAC detector
in MCNP model.

Item x (cm) y(cm) z (cm) r, distance to 1/r2(cm2)
HEU (cm)

Right Detector 200 0 0 255.9 1.5E-05
Center Detector 0 0 0 159.6 3.9E-05
Left Detector -200 0 0 255.9 1.5E-05
HEU 0 -159.6 0 N/A N/A

The value of the ratio between the interaction rate in the center
ONDAC to the interaction rate in the side ONDAC detectors are shown
in table 5-6 and indicate that while the 1/r 2 approximation is
reasonable for air and cotton, it is off by over a factor of 2 for
other cargo materials. This led to the observation that the longer
the mean free path of the neutrons in a cargo material, the more
closely the 1/r 2 rule is followed. For example, from MCNP the 0.713
MeV delayed neutrons were determined to have a mean free path in air
of 8720 cm, which is much greater than the benchmark container
dimensions of approximately 250 cm. A pure vacuum would have an
interaction ratio of 2.57, which is near the interaction ratio of
3.06 for air that is given in table 5-6.
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Table 5-6. Ratio of the center ONDAC interaction rate to the side
ONDAC interaction rate compared to the mean free path
length by source energy for each cargo material.

Material Ratio of Center Mean Free Path Length by Source
ONDAC Energy (cm)

Interaction Rate To 14 MeV Delayed
Side ONDAC Neutrons

Interaction Rate (0.713 MeV)
Air 3.06 12400.00 8720.00
Aluminum 5.97 12.55 13.26
Iron 12.70 7.70 7.94
Alcohol 217.80 2.09 0.51
Cotton 4.65 121.00 21.10
Lead 9.36 3.30 3.23

For cargo materials with a mean free path much less than the
characteristic container dimensions, neutrons actually diffuse in
this medium. In this case, equation (5.6) is the appropriate
equation to estimate the neutron flux in these cargo materials
(LaMarsh 2001).

S -Kr
•(r) = 4;Dr e (5.6)

where
D (r) neutron flux at a distance r, neutrons/cm2 sec
r = distance away from point source, cm
S = source strength of emitted isotropic neutrons, n/sec
D = diffusion coefficient, cm
K = reciprocal of the diffusion length, cm-1

Equation (5.6) could be used to estimate the ONDAC response in this
case, since the ONDAC interaction rate is proportional to the flux it
sees.

5.3.7 Maximum Payload.

The maximum payload of the benchmark cargo container is approximately
28,000 kg due to its 20' x 8' x 8' dimensions. Table 5-7 shows the
weight that each cargo would be if it filled all 80 cargo drums in
the container. Any cargo weighing dramatically more than 28,000 kg
would be an unrealistic case for the size and type of container
specified in this project. Table 5-7 shows that any material having
a density greater than 1 gram/cm3 will exceed the maximum payload for
the benchmark facility if it occupies the entire volume of all 80
cargo cylinder drums.
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Table 5-7. Density and weight of cargo materials examined.

Material Air Aluminum Iron Lead Alcohol Cotton
Density 0.00118 2.70 7.87 11.34 1.0068 0.064
(g/cm 3)
Weight (kg) 34 76,833 224,037 322,816 28,664 1824

Thus the cases of 80 cylinders filled with shipments of aluminum,
iron, and lead are academic and these materials in practice would be
shipped with partially filled containers. In this case, the result
would be an ONDAC interaction rate between that given for air and the
pure cargo material.

5.4 INTERFERENCE REACTION.

Interference can occur in the ONDAC detectors if neutrons undergo an
(n,p) reaction in 017, (Browne, 1986) because the reaction product
isotope N17 is a delayed neutron emitter with a 4.2 second half-life.
This reaction is given below as equation (5.7).

8017 + 1n' -+ 7N17 + 1p1 (5.7)

017 has a relative abundance of 0.037% in naturally occurring oxygen,

so it can become a problem in cargo materials containing oxygen,
namely cotton and alcohol that were evaluated in this study.
However, the reaction has a neutron threshold energy of 8.5 MeV
(KAERI 2002).

To evaluate the magnitude of this interference, the problem was
evaluated in air with an interference ratio. In air few source
neutrons would drop below the 8.5 MeV threshold as they cross the
cargo container due to the fact that 14 MeV neutrons have a much
greater mean free path (12400 cm) compared to the cargo container
dimensions (250 cm). The interference ratio was calculated under the
assumption that the flux seen by the air equals that seen by the HEU.
The interference ratio, R, represents the number of delayed neutrons
produced from 017 interactions divided by the number of delayed
neutrons produced from HEU. The R parameter for air was then
calculated by equation (5.8) as a function of decay time t as
follows: 0O17 1

R(t)= 0 7 1 e 0 (5.8)Ný. a"'Ne.-I'•

where
R(t) = Ratio of delayed neutrons produced by 0-17 to that

Produced by HEU at decay time t
0.957 = Probability that N17 nucleus will decay by neutron

emission
N0 - 17 = Number of 017 atoms in entire container if filled with

air, 1.32xi024 atoms
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CFaO0-17 Microscopic (n,p) cross section in 017, 5.5 mbarns
O-17= Decay constant of 017 , 0.165 sec-1

t = Decay time, sec

P = Delayed neutrons produced per fission, 0.026
F = Flux depression in HEU, 0.502
NHEU Number of atoms in 1 kg of HEU, 2.4xi02 4 atoms
•fHEU - Microscopic fission cross section for HEU with 14 MeV

neutrons, 2.046 barns

XHEU Decay constant of HEU produced delayed neutrons, 0.076
sec

1

If the R parameter is much less than one for a given material, few
delayed neutrons will be produced from 0-17 compared that that from
the HEU, and this interference effect will not be important. Figure
5-9 shows this interference ratio in the benchmark facility shipping
container filled with air as a function of decay time. In this case,
the maximum interaction ratio was found to be less than 0.005 at a
decay time of zero seconds. For longer decay times, the interaction
ratio decreases because 017 has a greater decay constant (0.165
seconds-') than that of the delayed neutrons emitted from HEU fission
products (0.076 seconds-'). Since the maximum value of this ratio is
much less than one, interference reactions were considered to not be
the significant in containers with or without cargos.
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Figure 5-9. Interference ratio of oxygen in air versus decay
time using benchmark facility dimensions.

5.5 EFFECT OF HYDROGEN ON ONDAC INTERACTIONS.

Section 5.3.5 showed that a small ratio of interactions exists in the
center ONDAC detector per 14 MeV source particle of air to that in
alcohol (6.89 x 10-4) . Therefore, a seventh cargo material was
studied in order to gain a better understanding of why this occurs in
alcohol. The chemical make up of alcohol is C2H5 OH, so it is
predominately composed of hydrogen. More precisely, alcohol's atom
fraction is 66.7% hydrogen, 22.2% carbon, and 11.1% oxygen. Carbon
was studied as the seventh cargo material in order to determine if
the hydrogen was the main driving force in keeping the interactions
in the center ONDAC so low. Table 5-8 compares the delayed fission
neutron interactions per 14 MeV source particle in the center ONDAC
detector for carbon and alcohol under identical conditions with the
MCNP benchmark facility model. Table 5-8 also gives the center ONDAC
interaction ratio between the carbon and alcohol cargo.
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Table 5-8. Comparison of the delayed fission neutron interactions per
14 MeV source particle in the center ONDAC detector of
carbon and alcohol under identical conditions with the
MCNP facility model.

Material Center ONDAC Delayed Ratio of Carbon to
Neutron Interactions per Alcohol interactions per
14 MeV Source Particle 14 MeV source particle

Carbon 1.20E-9 13,500
Alcohol 8.89E- 14 not applicable

As can be seen in table 5-8, carbon produces a response 13,500 times
stronger than alcohol in the center ONDAC detector. Hence, the low
interaction rate of neutrons in the ONDAC in the presence of alcohol
is not due to carbon. Further since carbon and oxygen have similar
nuclear properties (KAERI 2002), it was concluded that the key
element in reducing ONDAC interactions per source particle is
hydrogen.

The ONDAC detectors response to the hydrogen atom percent of a cargo
material was studied in order to find the maximum amount of hydrogen
that will yield statistically valid results from the center ONDAC
detector without having to increase the 14 MeV neutron source
strength from 1012 n/sec as recommended in section 4.7. The cargo
density of each case studied was held constant at 1 g/cm3 , along with
the location of the 14 MeV source (x = 0 y = -312.8 cm z = 0) and the
HEU location (x = 0 y = -159.6 cm z = 0) while the atom percentage of
the hydrogen was varied from 11.3%, 33.3%, 50.0%, and 66.7%. The
amounts of carbon and oxygen also varied within these MCNP runs.
However their relative amounts were held constant with the carbon
having twice the atom percentage of the oxygen (i.e. the ratio of
carbon to oxygen in alcohol) except for the 11.3% hydrogen case,
which had 3.1% carbon and 85.6% oxygen. The results of the delayed
fission interactions per 14 MeV source particle in the center ONDAC
detector for the four cases of different amounts of hydrogen are
shown plotted in figure 5-10.
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Figure 5-10. Neutron interactions per 14 MeV source particle in
center ONDAC detector for various amounts of hydrogen
in a cargo material composed of hydrogen, oxygen, and
carbon based molecules.

Figure 5-10 shows that as the amount of hydrogen in a cargo material
increases, the number of neutron interactions in the center ONDAC
detector per 14 MeV source particle decreases significantly. Since
the interactions decrease linearly on a semi-log scale, the decrease
is exponential, and can be expressed empirically by equation (5.9) as
follows:

y = 10- 9e-0 1482x (5.9)

where
y the number of neutron interactions in the center ONDAC

detector per 14 MeV source particle.
x : the hydrogen atom percent of cargo molecule, %

The coefficients in equation (5.9) were found by regression analysis
and the line that resulted from this equation has been added to
figure 5-10. The delayed fission neutron interactions in the center
ONDAC detector per 14 MeV source particle is also shown for the case
of no cargo material (1.29E-10). Wherever the number of interactions
for hydrogen is greater than the number of interactions for air, the
ONDAC should detect the HEU if a 14 MeV pulsed source of 1012 n/sec
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and a total examination time of 300 seconds is used. Figure 5-10
shows that the number of interactions in the cargo containing
hydrogen equals the number of interactions in the air when the
hydrogen atom percent is 13.8%. Therefore materials containing less
than 13.8% hydrogen should be detected using this technique. Also
materials with slightly more than 13.8% hydrogen should also be
detected, as the signal to noise ratio in the center ONDAC for air is
10:1, as discussed in section 4.7. Conservatively, the atom fraction
of hydrogen in the cargo should still be limited to about 15%,
assuming the neutron generator pulse rate is maintained at 1012 n/sec
and the examination time is maintained at 300 seconds.

5.6 CONCLUSIONS.

This section has shown that the presence of cargo, which does not
contain hydrogen, will not defeat the 14 MeV pulsed neutron technique
with a 1012 n/sec source and a 300 second examination time. In fact,
the presence of high atomic number materials, such as lead, actually
will enhance the ONDAC response due to the (n,xn) reactions they
induce. The technique also will work with hydrogen present if the
cargo material has density well below that of water or alcohol (i.e.
1 g/cm3 ) . If the cargo has a density of 1 g/cm3 or higher, 1 kg of
HEU can still be detected if the atom fraction of the hydrogen in the
cargo material is less than 15%. To detect HEU with cargo materials
with a greater hydrogen atom fraction than 15% and a density of 1
g/cm3 or greater there are several options. First, one could increase
the pulse rate of the 14 MeV neutron source, although this may not be
technically feasible with current technology. Second, since hydrogen
poorly attenuates the gamma emitted by the HEU, the system could be
augmented with a high sensitivity gamma detector. Third, one could
perform an internal inspection of the cargo container using portable
neutron and high sensitivity gamma detectors. Fourth, multiple 14
MeV neutron generators, whose pulse outputs are synchronized, could
be placed around the container in order to increase the neutron
source strength.
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